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1 General introduction 
1.1 Background of the present investigation 
Life today is becoming increasingly dependent on automation. More and more, 
processes are being controlled by systems that function with a high degree of 
autonomy. To make this possible, especially in industry fast data collection and 
processing, often with feedback loops, is needed. The number of control parameters 
that must be handled becomes too high for reliable manual operation and automated 
control is inevitable when optimal performance is desired. The enormous progress 
in the development of micro-electronics has made fast and reliable data computing 
and processing relatively easy. However, the accurate and rapid collection of data is 
still a bottleneck in automated process control. Chemical sensors can simplify data 
acquisition to a great extent. Selective measurement of various parameters at the same 
time is possible and can be used to control the automated process. Because of this, 
the development of chemical sensors has received a great deal of scientific attention 
in recent years. Not only the chemical industry may benefit from these sensors but 
also the food industry, bio-industry, and medicine. Furthermore, there is a fast and 
growing need for sensing devices for environmental control. A sensor must give a 
selective and fast response to the presence of a specific compound in a complex 
mixture of components. About this selectivity, biosensors are the most promising 
devices today.2,3 
Sensors can be divided into physical, chemical, and biochemical sensors. Physical 
sensors measure traditional parameters such as temperature, pressure, humidity, and 
flow rate. They are generally not considered to be real sensors. According to a 
preliminary nomenclature proposal (IUPAC), chemical sensors are miniaturized 
devices that detect a chemical compound selectively and reversibly. The detection is 
accompanied by a concentration dependent electrical signal. Chemical sensors that 
make use of biological molecules, e.g., receptor proteins, antibodies, or enzymes, are 
called biosensors. Of all sensors, biosensors are the most selective ones. This is due 
to the intrinsic, highly selective properties of the biomolecular species inside the 
sensor. Biosensors suffer, however, from one severe drawback, namely mstability of 
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the biological receptor molecule These receptor molecules are subject to 
denaturation. Therefore, increasing the stability of the biomolecule is one of the major 
issues in biosensor research Biological activity can be preserved by storing the 
biosensors under the nght conditions, e g , low temperatures. This may give long 
"off-line" lifetimes. Of greater interest is the lifetime of the biosensor under working 
conditions. Currently, this lifetime is still very limited. The stability of the 
biomolecule can be enhanced by immobilization. A range of immobilization 
techniques have been described in the literature ' Some of these techniques will 
be used in the next chapters of this thesis. 
A classical chemical sensor is the pH-electrode This electrode was already 
invented at the beginning of this century, when the pH-sensitivity of certain glass 
membranes was discovered At that time the importance of this sensor was not 
recognized. Nowadays, a pH-electrode has become an indispensable instrument. 
After its invention many other ion selective electrodes (ISE's) followed and now a 
dozen cations and anions can be measured selectively by Potentiometrie 
measurements with these electrodes More recently, other chemical sensors, based 
on semi-conducting matenals, have been developed for the selective detection of 
various gases, ions, and even biomolecules. A number of detection principles 
have been described in the literature. ' The detailed description of these principles 
is, however, outside the scope of this thesis 
19 Biosensors were first mentioned as such in the literature in 1977. Before that 
time, devices that contained a biological sensing element were simply referred to as 
electrodes with a description of the kind of sensing component, e.g, enzyme 
electrode Now, commercial biosensors are available for a number of substrates like 
glucose, lactate, urea, and penicillin. As already mentioned, medicine has a major 
interest in biosensor development, because stable and reliable biosensors would 
make possible on line and in-vivo monitoring of biologically important compounds, 
such as metabolites, hormones, and drugs.22 This may lead to, for instance, the 
integration of an m-vivo blood sugar monitor with an automatic insulin dehvery 
system for diabetes mellitus patients 
In the field of biotechnology, biosensors could be used for fermentation control 
by following fluctuations m the nutnents and adjusting their levels, when necessary 
In environmental technology biosensors could be used to momtor pollutants, 
pesticides, and herbicides In food technology the concentration of vanous nutnents, 
the quality and freshness, contamination by micro-organisms, and the presence of 
prohibited components could be detected for idi kinds of foodstuffs In space research, 
biosensors could facilitate the monitoring of certain metabolic processes under 
influence of reduced gravity. Last but not least, the military industry is interested in 
biosensors for chemical and biological defence. 
The potential use of sensors m a great number of different disciplines has led to 
a great deal of research activity. In 1991, more than 3000 publications and 300 patents 
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appeared on biosensors. In view of these figures, however, the number of 
commercially available biosensor devices is still very small. 
1.2 Scope of the thesis 
The main goal of the work described in this thesis is to develop biosensors 
containing electrodes that communicate directly with redox enzymes. For these 
so-called biosensors of the third generation intrinsically conducting polymers are used 
as electrode materials. 
A description of the elements of a biosensor will be presented in Chapter 2. In 
this chapter a literature survey on biosensors based on redox enzymes and conducting 
Figure 1. Schematic representation of the two microporous biosensors based on conducting 
polymers: (a) track-etch membrane biosensor; (b) latex membrane biosensor. 
polymers will also be given, as well as a model that predicts the performance of a 
third-generation biosensor. 
Tailor-made electrode materials which have the chemical and physical properties 
that are needed to make the electrode compatible with biological molecules require 
the synthesis of special conducting polymers. " The polymers that we have 
synthesized and tested for use in a third-generation amperometric biosensor are 
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presented in Chapter 3. Glucose oxidase has been chosen as a model redox enzyme 
to test the usefulness of the materials. 
The construction of a third-generation glucose sensor is described in Chapter 4 
This sensor contains glucose oxidase, which is absorbed in hollow polyCpyrrole) 
microtubules which in tum are incorporated in track-etch membranes (see Figure la). 
In Chapter 5 the track-etch poly(pyrrole) biosensor is characterized by means of 
scanning tunneling microscopy. A model explaining the direct interaction between 
the enzyme and the electrode is proposed in this chapter. 
A different type of biosensor that functions according to the same principle as the 
track-etch membrane biosensor is presented in Chapter 6 In this sensor glucose 
oxidase is adsorbed on poly(pyrrole) which is incorporated inside the inter-sphencal 
pores of a membrane composed of uniform latex particles (see Figure lb). 
The biochemical characterization of the two third-generation biosensors is given 
in Chapter 7. The performance of the sensors is evaluated by means of the model 
presented in Chapter 2 
Finally, in Chapter 8 a first-generation glucose sensor is described which is 
constructed using the same matrix as the third-generation biosensor discussed in 
Chapter 6. This sensor falls somewhat outside the scope of this thesis as detection of 
glucose occurs via hydrogen peroxide, which is produced during the enzymatic 
reaction However, we have included this sensor as its performance is such that it 
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2 Literature Survey 
2.1 Elements of a biosensor 
Biosensors are made up of three different, but closely connected elements: the 
selector, the transducer, and the detector (Figure 1). The selector is the part that 
selectively binds the compound to be detected, the transducer transforms the 
occurring (bio)chemical reaction into a physically measurable signal, and the detector 
processes this physical signal. The design and construction of biosensors requires the 
involvement of different disciplines. Biochemistry brings in the knowledge of how 
to achieve high selectivity and sensitivity, whereas physics provides the information 
with regard to microelectronics and computers. For a successful development of the 
transducer these disciplines should be combined. There are numerous transduction 
methods available today, some of which are named in Table 1. One of the most useful 
is the transformation of a chemical reaction or a biological event into an electrical 
potential or current. The electrochemical devices that have been developed based on 
this kind of transduction method are relatively easy to construct and to handle. 
Furthermore, their miniaturization is feasible. In this regard, the fast developments 
in micro-electronics have made it possible to develop "intelligent" sensors, which are 
self-testing and self-calibrating. 























Selector Transducer Detector 
Figure 1. Schematic profile of a traditional amperometric enzyme electrode, which shows the 
three components of a biosensor. 
2.2 Biosensors of the first, second, and third generation 
First-generation amperometric biosensors work by means of the detection of 
enzymatically produced (or consumed) electroactive species. A good example is the 
traditional glucose sensor. This sensor amperometrically detects the hydrogen 
peroxide which is produced in the oxidation of glucose, catalyzed by the enzyme 
glucose oxidase (GOd): 
GOd 
glucose + O2 gluconolactone + H2O2 
This sensor has several drawbacks, however. The most important ones are the 
denaturation of the enzyme by the hydrogen peroxide and the strong dependence of 
the electrical signal on the oxygen concentration. 
Newer sensor concepts make use of artificial electron carriers. These biosensors 
are classified as second-generation biosensors. The carrier or mediator (M) shuttles 
the electrons involved in the redox process from the enzyme to the electrode or vice 
versa. ' " This is exemplified by the following reaction scheme: 
8 
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glucose + GOdox • gluconolactone + GOdred 
GOdred + Mox • GOdox + Mred 
Mred Mox + ne" 
Examples of mediators are ferrocene, ferrocene derivatives, and bipyridyl 
complexes of osmium chloride. * 
Ideally, one would like to have a material that communicates directly with a redox 
enzyme. In that case, no co-substrates such as oxygen or mediators are required and 
the electrons involved in the redox process are measured directly at the electrode. 
Enzyme electrodes based on this principle are called third-generation biosensors. 
Only a few years ago it was thought that direct electrochemistry with redox proteins 
was impossible, but nowadays this opinion has changed. " Early workers in this 
field made use of mercury electrodes. It is now known that enzyme adsorption on this 
metal electrode is very strong and leads to denaturation of the enzyme molecules. 
Evidence has been presented that bare metal electrodes in general are incompatible 
with redox enzymes. Surface modification of the electrode is required to make it 
more compatible with the biological receptor molecule. ' " Nevertheless, it has 
been reported that small redox proteins like cytochrome с can transfer electrons 
directly to bare electrodes, e.g., glassy carbon.30 For large redox enzymes such as 
glucose oxidase this is much more difficult to realize as these enzymes have thick 
insulating protein shells. Their catalytic centers are buried deep inside and are 
protected from the surroundings.3 1 , 3 2 For these large redox enzymes it becomes 
important that they are immobilized on a compatible electrode surface in a way that 
makes electron transfer from the catalytic center to the electrode feasible without the 
29 33 34 
occurrence of denaturation. ' ' 
In many research groups work is currently in progress to develop third-generation 
biosensors. Highly conducting organometallic complexes are one class of materials 
that are studied for achieving direct electronic contact with redox enzymes. These 
complexes include charge-transfer salts of tetracyanoquinodimethane (la) and 
tetrathiafulvalene (lb). 
: /=\ CN ^ 
(<•) 
Enzymes like glucose oxidase and Cholinesterase have already been shown to 
communicate directly with electrode materials based on these complexes. 
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2.3 Glucose oxidase 
Glucose oxidase is the redox enzyme that is used as the selector in the biosensors 
presented in this study. In this paragraph, some background information will be given 
on this enzyme. Before oxygen played an important role in life, bio-electrochemical 
processes took place in the narrow potential range of 700 mV. When oxygen became 
available as an energy source, this range extended to 1300 mV. Enzymes containing 
flavins could evolve.37'·'8 Glucose oxidase (ß-D-glucose: O2 oxidoreductase, E.G. 
1.1.3.4) from Aspergillus niger is such a flavin-containing enzyme. It is an aerobic 
dehydrogenase, which catalyzes the oxidation of ß-D-glucose to D-gluconolactone. 
Under natural conditions, this oxidation is accompanied by the reduction of molecular 
oxygen to hydrogen peroxide (see paragraph 2.2). The flavin co-factor 
(flavine-adenine dinucleotide, FAD) is called the prosthetic group and is responsible 
for the redox properties of the enzyme (Figure 2). Glucose oxidase contains two 
FAD-units per molecule. These units are firmly bound to the peptide chain, but are 
not covalently linked. The isoalloxazine system of FAD can exist in three redox states: 
the oxidized one shown in Figure 2, and in two reduced states which are attained by 
the uptake of one and two electrons, respectively. Despite the fact that glucose 
oxidase is abundantly used, there is very little structural information available on this 
enzyme. As with most flavin enzymes,40 no X-ray structure has yet been solved. The 
reason is the large carbohydrate content (16%) of the native molecule, ' which 
prevents crystallization of the enzyme. 
In large flavin proteins like glucose oxidase the prosthetic group is usually 
anchored in a crevice formed by the protein structure. It is known that in glucose 
oxidase the flavin is only partially accessible to water. Attempts to accomplish 
о 0 
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 OH ¿H ¿н 
сн2 O^(¿HOH)2 
^ α ^ γ - Ν γ Ν γ Ο ÇH 
О \ N ^ . ^ N 
NH2 
Figure 2. FAD with its isoalloxazine ring system in the oxidized state. 
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electronic interaction with this redox protein should take into account the orientation 
and location of the prosthetic group inside the protein molecule. Glucose oxidase has 
a high affinity for molecular oxygen. Consequently, oxygen will always be a 
competing electron acceptor when it is present during experiments in which direct 
communication is tested. Careful design of the experiments is, therefore, necessary. 
In Table 2 some physical and chemical parameters of glucose oxidase are 
presented. ' 
Table 2. Some physicochemical properties of glucose oxidase from A. niger. 
Parameter 
Molecular weight 
Number of subunits 
Co-factor 
Carbohydrate content 




Michaelis-Menten constant (glucose) 












Highest value reported 
2.4 Conducting polymers 
The type of conducting polymers used in this study are poly-aromatic polymers, 
synthesized from pyrrole and thiophene. Normally, organic polymers are considered 
to be insulators. However, in роіу(руггоіе) and poly (thiophene) it is possible to create 
electron conduction by doping. In general, during doping the polymers are reduced 
or oxidized, leading to an excess of electrons or electron holes. 4 4" 4 6 These charge 
carriers can move along the polymer chain. Ideally, linear chains of the monomers 
form a polymer with infinite conjugation length which can lead to electronic 
conductivity in the metallic region.48 In the following paragraphs we will discuss in 
more detail the synthesis and electrochemistry of poly(pyrrole) as this polymer has 
been used as the main conducting matrix in our biosensors. 
11 
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2.4.1 Synthesis of polj (pyrrole) 
Poly(pyrrole) can be synthesized both electrochenucally and by chemical 
oxidation.49 In the case of electrochemical polymerization, the initial step is the 
removal of an electron from the pyrrole ring at the anode The pyrrole monomer is 
oxidized to its corresponding π-radical cation. 
-e" 
py • py-+ (1) 
As suggested by Wegner this radical cation may react with another radical cation to 
form a dimer.5^ However, according to Asavapmyanont et al dimenzation of small 
radical species is unusual. These authors have suggested that dimer formation follows 
a so-called ECE mechanism. This means that a heterogeneous electron transfer step 
at the electrode surface (E) is followed by a homogeneous chemical reaction (C) and 
the chemical reaction in its turn is followed by another heterogeneous electron transfer 




 + РУ • РУ—РУ' • РУ—РУ (2) 
At the electrode surface the dimer, which is also electroactive at the poised electrode 
potential, is subsequently oxidized and converted to the tnmer and eventually to the 
polymer (3). 
-n(2e"); -n(2H+) 
py-py+ + npy • (py)+n+2 (3) 
As the polymer is produced in its oxidized (and conducting) state, counter-ions 
are taken up into the polymer structure to maintain electroneutrality. It is generally 
found that approximately 1 counter-ion (supplied by the electrolyte) is built in for 
every 4 repeat units 49,50 p
r o m
 the reaction scheme it can be seen that protons are 
produced during the polymerization. As the polymerization potential is independent 
of pH, the reaction scheme must involve a completely irreversible step involving the 
ejection of protons The identity of this step has not yet been clanfied in the case of 
poly(pyrrole). For thiophene polymerization the elimination of protons is the rate 
determining step in the coupling reaction. 
The synthesis of роіу(ругтоіе) by chemical oxidation is a way to produce the 
polymer when the electrochemical method is not feasible (see for instance Chapter 
4). Chemical oxidation is similar to electrochemical oxidation Frequently used 
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oxidants like Ре(ІП) and the hexacyanoferrate(III)-anion attack the pyrrole ring and 
oxidize it. This resembles the oxidation at an electrode surface. ' As in 
electrochemical polymerization, the anion of the oxidant is incorporated into the 
partly oxidized polymer structure. In the case of chemical oxidation by Fe(III) the 
polymerization reaction is believed to begin as follows: 
py + Fe(in) • vy+ + Fe(II) (4) 
The propagation with concomitant elimination of protons has been suggested to 
follow the same route as for the electrochemical polymerization (yide supra). 
Reaction (4) was found to be the rate determining step.5 4 In other words, the oxidation 
of the monomer determines the reaction rate. This oxidation is supposed to proceed 
by an outer-sphere mechanism which means that the rate of reaction will depend on 
how effectively the pyrrole moiety can approach the solvated Fe(III)-anion.55 Pyrrole 
is a weak base and it can approach Ре(Ш) solvated by water much better than Ре(Ш) 
solvated by one or two ОБГ-groups. Therefore, the rate of reaction (4) increases on 
decreasing the pH of the solution.54 
The deposition of conducting polymers on an electrode usually follows a 
mechanism of nucleation and growth.56 Little is known about the structure of the 
complete conducting polymer films. The simple growth model which is implicated 
by reaction (3) cannot hold as this accounts for one-dimensional growth and 
concomitant one-dimensional conductivity only. The resulting films, however, 
display three-dimensional growth and conductivity (see references 49,57, and 58 and 
also Chapter 3). The observed high conductivity suggests that the polymer film has 
a rather organized structure (see Asavapiriyanont et α/.4 9 and Chapter 5). 
2.4.2 Charge transport in poly(pyrrole) 
When two atoms combine to form a molecule, their atomic orbitals overlap to 
give a bonding and an anti-bonding molecular orbital. The energy level of the 
anti-bonding orbital is higher than the level of the bonding orbital. In metals many 
atoms strongly interact and each combination of atoms passes into its own set of 
molecular orbitals. The differences in energy level for each bonding and for each 
anti-bonding orbital are very small. Therefore, when a large number of atoms are 
combined, a continuous band of bonding and anti-bonding orbitals is formed. In this 
way, the so-called valence band is generated from s-orbitals, and the so-called 
conduction band from p-orbitals. This band picture is frequently used to explain the 
difference in electronic conductivity between metals, insulators, and semi­
conductors. In the case of conducting polymers, the band picture is essentially that 
13 
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of an insulator. However, the polymer can be doped by oxidation. In this process, new 
levels are introduced in the so-called band gap, which lies between the valence band 
and the conduction band. 
The charge carriers in poly(pyrrole) and other conducting polymers are so-called 
polarons and bipolarons (Figure 3a). 6 0 " 6 2 These species are formed when the neutral, 
insulating polymer (pp0) is oxidized: 
PP PP PP 
.2+ (5) 




















Figure 3. {a) Structure of a poly-conjugated conducting polymer at increasing levels of oxidation. 
(b) Electronic band structure for poly-conjugated conducting polymers, a) polymer in insulating 
state; b) partly oxidized polaron state; c) fully oxidized bipolaron state. 
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The change in band structure during the oxidation process is illustrated in Figure 3b. 
This figure shows the transition of the insulating polymer (a) to a state of low (b) and 
finally high (c) oxidation. State (b) represents the polaron. New electronic levels are 
introduced between the conduction band and the valence band. The lower level is 
occupied by one electron. This corresponds to the radical cation in eq. (5). The new 
levels lead to newly allowed electronic transitions. This explains the higher electrical 
conductivity. State (c) is the bipolaren state. The unpaired electron has been removed 
and a dication is formed. The bipolaron has been demonstrated to be the species 
responsible for charge storage in poly(thiophene). Overoxidation of conducting 
polymers like poly(pyrrole) and poly(thiophene) leads to structures that carry one 
positive charge on every monomelic unit (Figure 3a). This situation makes the 
polymer insulating again.46'53 
Conducting polymers can display both faradaic and capacitive charging 
behaviour.65"67 It has been shown that these two processes cannot be separated.67"69 
Capacitive charging leads to large currents when the conducting polymer is 
electrochemically characterized, e.g., by cyclic voltammetry {vide infra). The 
electrochemical process of interest, viz. the faradaic process, may be completely 
obscured by the capacitive currents. By utilizing thin polymeric films, which are in 
good electrical contact with the underlying electrode, it is possible to suppress the 
capacitive current to a large extent. 
2.5 Electrochemical techniques 
A number of electrochemical analytical methods have been used in this 
investigation, viz. amperometry, chronoamperometry, cyclic voltammetry, and the 
rotating disk electrode (RDE) technique. These methods will be discussed briefly in 
the following paragraphs. 
2.5.1 Amperometry 
The measurement of a current at a constant potential is called amperometry. Under 
favourable conditions, this technique allows the detection of molecules or ions at 
concentrations as low as 10" M and it has a dynamic range of 3 to 4 orders of 
magnitude. Amperometry is often applied in electrolysis. The current is measured 
as a function of the fraction of converted material.51 In analytical measurements, 
however, very little material is consumed and the bulk concentration of the 
electroactive species of interest does not change. Therefore, steady state conditions 
can be assumed. In amperometric analysis of biosensor response the current is 
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measured at vanous substrate concentrations and compared with the current when no 
substrate is present The difference between these two situations is an indication of 
the biosensor activity 
2.5.2 Chronoamperometry 
Chronoamperometry is a technique that measures the current as a function of 
time, directly after the introduction of a change m potential. This is illustrated m 
Figure 4a and 4b, where the potential is increased from Ei to E2 at time to. At Ei no 
faradaic processes occur. The potential E2 is in the diffusion controlled regime. As a 
result, the concentration of the electroactive species at the surface of the electrode 
goes nearly to zero Diffusion limitation causes a concentration gradient at the 
electrode surface The slope of the current-time curve follows the shape of this 
concentration gradient The diffusion limited current, id, can be calculated with the 
51 70 Cottrell equation (see also 2.7.1 ): ' 
y ( t ) = nF.A.D 1 / 2 cbM 1 / 2 t 1 / 2 (6) 
in which η is the number of electrons, F is the Faraday constant, A is the electrode 
surface area, D is the diffusion coefficient, and сь is the bulk concentration of the 








Figure 4. Illustration of the chronoamperometric technique, (a) potential profile, (b) current 
response as a function of time 
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proportional to the bulk concentration of the electroactive species and inversely 
proportional to t . Measuring the current after a potential step under various bulk 
concentrations, сь, will lead to different decay curves. Sampling the magnitude of the 
current at a fixed time, t = τ, will give information about the current dependence on 
сь. Chronoamperometry under "Cottrell conditions" must be carried out carefully for 
several reasons. Very high currents are required at the moment of the potential step. 
If such high currents cannot be produced, the measured current is different from the 
current predicted by (6). Also, the recording device might not be able to follow the 
sudden current increase at the start of the experiment. In that case, the recorder will 
be overdriven and accurate readings are not possible directly after the potential step. 
Furthermore, current flows due to capacitive processes. Non-faradaic currents also 
decay exponentially in time. Finally, at the moment of the potential step the solution 
must be quiescent. Convection will disturb the measurement. 
2.5.3 Cyclic voltammetry 
Much information can be obtained in an electrochemical experiment when a 
potential sweep is applied, e.g., as in cyclic voltammetry. In this technique the 
potential is raised from a starting potential Eo to an end potential Ei and subsequently 
lowered back to EQ. This is done at a constant sweep rate (Figure 5). When in the 
presence of an oxidizable species the potential scan is started at a point well below 
the oxidizing potential E 0 ' of the species, only non-faradaic current flows for a while 
(Figure 5b). When the potential reaches E 0 ' oxidation starts and current flows (raising 
part in Figure 5b). At the potential E 0 ' the surface concentration of the oxidizable 
species is decreased. This leads to an increase in flux from the bulk solution to the 
electrode surface and consequently to an increase in current. Raising the potential 
further leads to a surface concentration near zero. As a consequence, mass transfer to 
the surface reaches a maximum rate and subsequently declines due to depletion. The 
result is the peaked current shown in Figure 5b. At Ei the potential scan is reversed. 
At the electrode surface a large concentration of oxidized material is present at that 
moment. When the potential reaches E 0 ' reduction starts to take place and a cathodic 
current flows. The cathodic peak has the same form as the anodic peak for basically 
the same reasons as mentioned above. It is outside the scope of this study to derive 
an equation for the dependence of the current on the conditions applied in cyclic 
voltammetry. The current is proportional to the bulk concentration of the redox 
species and to the square root of the scan rate. In a reversible (Nemstian) system, 
the difference in potential between the oxidation and the reduction peak is close to 
2.3 RT/nF (59 mV at 25 0 C for a one-electron process). This difference in peak 
potential is a useful test of a reversible reaction. Irreversible systems will show a 
larger potential difference between the two current peaks and possibly also a less 




Figure 5. Illustration of cyclic voltammetry, (a) profile of the potential sweep, (b) resulting 
current as a function of the potential sweep 
Cyclic voltammetry is useful if one wants to obtain information on the redox 
behaviour of simple ions and molecules as well as on complicated electrode processes 
in a single experiment (Chapter 3). For this reason cyclic voltammetry has become a 
very popular technique 5 1 
2.5.4 Rotating disk electrode technique 
In the rotating disk electrode (RDE) technique the working electrode moves with 
respect to the solution This electrode is a small disk, which is rotated at such a rate 
that a smooth flow is obtained at the surface without the occurrence of turbulence 
(Figure 6) The electrode is connected to a potentiostat by means of a brush contact. 
The RDE-techmque is a hydrodynamic method and has the advantage that a 
steady-state condition is reached rather quickly. To attain this steady-state, a minimum 
angular velocity of the disk is required On the other hand, the angular velocity should 
not be so high that vortex formation occurs. In the correct velocity range fast and 
accurate electrochemical measurements are possible. Double layer charging and 
concentration polarization does not occur. As a result of high mass transport rates, 
the contribution of mass transfer to the overall electrode process is much smaller. The 
electron transfer processes may, therefore, be studied more closely 
The RDE set-up can be used to measure the activity of immobilized enzymes. 
Briefly, the so-called RDE enzymatic assay for glucose involves the amperometnc 
detection of hydroqumone which is generated in the enzymatic reaction. The RDE 
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method is a good choice for the activity measurement of immobilized enzymes 






Front view of disk 
Figure 6. Illustration of the rotating disk electrode set-up. 
conditions the transport of the species which is to be detected at the electrode, viz. 
the enzymatically generated hydroquinone, and the subsequent electrode reaction are 
very fast. As a result, the enzymatic reaction will be the rate determining step. This 
means that the slopes of current-time plots for the immobilized enzyme and for the 
enzyme in solution can be correlated. The measured current at the RDE is, therefore, 
directly proportional to the enzyme activity, irrespective of whether the enzyme is in 
solution or is immobilized. For the activity measurements of enzyme samples with 
the RDE set-up, the cell shown in Figure 6 allows for the introduction of these 
samples. The samples may contain, e.g., glucose oxidase in solution or glucose 
oxidase immobilized on some carrier material (e.g. conducting polymers, latex, or 
hydrogels). A more detailed description of the measurement of glucose oxidase 
activity with the RDE-technique will be given in Chapter 4. 
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2.6 Scanning tunneling microscopy 
With scanning tunneling microscopy (STM) it is possible to image surfaces with 
atomic or molecular resolution. We have used this technique to study the surface of 
conducting polymer structures and to image individual glucose oxidase molecules 
(see Chapter 5). 
STM is based on the tunneling of an electric current from a metallic tip to the 
surface of a sample (Figure 7). The tip is scanned over the surface of the sample. 
During this scanning process, the tunnel current is held constant by adjusting the 
distance between the tip and the surface. The degree of adjustment gives information 
on the surface morphology. This information is computerized and an image of the 
surface structure is generated. A critical condition for STM is the fact that the sample 
must be electrically conducting. Up to now only a limited number of polymers have 
been studied by STM. Most of these are conducting polymers. " When the sample 
Figure 7. Set-up for scanning tunneling microscopy; (a) needle tip, (b) sample surface, (c) 
electronics, (d) monitor. 
is non-conducting it is still possible to obtain STM-images, viz. by depositing a thin 
layer of the sample material on a conductive substrate. Atomically flat substrates like 
highly oriented pyrolytic graphite (HOPG) or a noble metal surface can be used for 
this. In this way it has been possible to obtain STM images of, e.g., lipids,78,79 DNA,80 
and of n-alkanes. 
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2.7 Theoretical aspects of amperometric biosensors 
In an amperometnc biosensor the following processes are important and should 
be considered when designing such a sensor: (i) transport of the analyte to the surface 
of the sensor, (u) binding of the analyte to the redox enzyme incorporated in the sensor, 
and (ui) conversion of the analyte by the redox enzyme and transfer of the electrons 
mvolved to the electrode. A theoretical description of the response of a biosensor 
has a predictive character. It can be used for the analysis of the experimental data and, 
more importantly, for effectively optimizing the biosensor. In the following some 
theoretical aspects related to items (i) - (in) will be discussed 
2.7.1 Mass transport 
In order to be detected by the receptor molecule the analyte must be transported 
from the bulk solution to the biosensor. Consumed analyte must be replenished to 
maintain steady-state conditions. There are three modes of transport, viz., migration, 
diffusion, and convection. 
Migration is the movement of a charged species due to the presence of a gradient 
in the electrical potential. In well-defined electrochemical set-ups these potential 
gradients do not exist. Biosensor measurements are generally earned out in solutions, 
containing an excess of supporting electrolyte. The electrolyte suppresses any 
potential gradients that might be formed. Consequently, migration is not a significant 
mechanism to be discussed here. 
Diffusion is the movement of particles as a result of a concentration gradient. 
Diffusion is dependent on the random motion of molecules. Therefore, this process 
is relatively slow. 
The formal description of diffusion is given by the first and second law of Fick 
(7,8).51·59 
j =-D(dc/dx) (7) 
dc/dt =D(d2c/dx2) (8) 
In equation (7) j is the net flux of matter, dc/dx is the concentration gradient, and D 
is the diffusion coefficient (expressed in m2s"1). These laws hold for movement in 
one dimension. They are, however, sufficient for descnbing transport to a biosensor 
surface As we are interested in the concentration of a chemical compound at a given 
place on the biosensor surface at the time of measurement, we need to know the rate 
21 
Chapter 2 
of transport of the analyte towards the surface, described by (7), and the build-up (and 
consumption) of the substrate at the biosensor surface, described by (8). To solve (8) 
we must define initial and boundary conditions. An appropriate initial condition is 
the bulk substrate concentration, сь. When the enzymatic reaction is sufficiently fast 
the surface concentration, со, reduces effectively to zero and this gives a boundary 
condition. The difference сь - со is the concentration gradient leading to mass transport 
by diffusion. As long as there are no other means of transport (e.g. convection, vide 
infra) the reaction rate is diffusion controlled. Equation (8) can now be solved to give 
the following equation: 
с = coo etf{x/2O1/2t1/2 ) (9) 
m which Coo is the concentration at an infinite distance from the electrode surface and 
erf stands for the error function. In the treatment of diffusional problems, the error 
function or integrated normal error curve is often encountered. ' The function 
describes the advancement to a unit limit as the distance χ reaches infinity. Equation 
(9) describes the increase of analyte concentration at increasing distance from the 
surface (x m numerator), as well as its decrease at mcreasmg reaction tune (t in 
denominator). The practical meaning of this expression in the case of a biosensor is 
Surface distance 
Figure 8. Concentration profiles in a stagnant solution for a reaction of which the velocity is 
dependent on diffusional mass transport 
that under diffusion controlled conditions a decaying response can be expected 
(Figure 8). The derivative of (9) with regard to the distance, x, can be substituted m 
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(7), to give the Cottrell equation for the chronoamperometnc response of a biosensor 
(see 2 5 2, eq. (6)). 
Applymg convection is very favourable for the biosensor analysis. In many cases 
it results in enhancement of the sensitivity and in a more stable and reproducible 
response. Convective mass transport is achieved by moving the electrode with respect 
to the solution (e.g. the rotating disk electrode, see 2.5) or by forcing the solution to 
move past the electrode Convection maintains the concentration of all species at the 
Surface: x ^ 
Stagnant diffusion s^ 
laytr ¿s 
• Bulk solution: 
Convacftan 
< <5 > distance from surface 
Figure 9 Concentration profile under convective control Dashed line theoretical profile, solid 
line experiment 
bulk concentration value. A quick and stable response rather than a decaying response 
is achieved. Only in a very thin layer on the surface of the electrode, is convection 
not possible and mass transfer is controlled by diffusion. This stagnant layer is called 
the diffusion layer, δ. In this layer a steady-state concentration profde exists in which 
the surface reaction is m equilibrium with mass transport (Figure 9) Biosensors often 
contain some kind of membrane with thickness 1m· If care is being taken to keep Іщ 
as small as possible, concentration polarization can be kept to a minimum, simply by 
applying convection during the measurements For a typical substrate like glucose, 
the diffusion coefficient D approximates 10" m s" , so a membrane layer m the order 
of a few micrometers is sufficiently thin In general, this is easily achievable. 
In Figure 10 it is shown how long it takes for a molecule with D = 5 χ 10" m s " 
to travel a distance χ in a non-stirred solution. It can be concluded that convection is 
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Figure 10. Mean distance travelled by a small molecule with a diffusion coefficient of 5* JO •10 
2.7.2 Binding and conversion 
An important step that takes place in a biosensor is the recognition of the analyte 
or substrate (S) by the biological receptor molecule, e.g., an antibody or an enzyme 
(E). Formation of the complex Ε-S generally is very fast and limited by diffusion. 
When the receptor is a redox enzyme (e.g. glucose oxidase), the complex formation 
is followed by a redox reaction (e.g. the oxidation of glucose). In third generation 
amperometnc biosensors, no co-substrate is involved and the enzyme reaction can 
be described by a simple Michaelis-Menten model: 
ki кг 








К м = (k-i + кгУкі, Eo is the total concentration of enzyme. The Michaelis-Menten 
constant K M reflects to some extent the affinity of the enzyme for its substrate. A 
reciprocal form of the Michaebs-Menten equation (Lineweaver-Burk p lo t^ ·^) : 
1 KM 1
 (12) 
ν k2[E]o[S] k2[E]0 
is often used to plot the rate data in a linear way. Deviation from linearity of this plot 
reveals whether mass transport is important.84 
The model described above is very simple and not always valid. It applies to 
systems wherein the concentration of S is sufficiently higher than the concentration 
of the complex ES. In amperometric biosensor systems this generally is true. 
2.7.3 Conversion and electron transfer 
The reaction sequence for a third generation amperometric biosensor (see 2.2) 
based on a redox enzyme and a conducting polymer is given in Figure 11. The oxidized 
enzyme Eox converts the analyte S into product Ρ and gets reduced to its reduced form 
Ered. The enzyme is reoxidized by the conducting polymer, which in tum donates the 
involved electrons to the electrode. The corresponding kinetic scheme is the 
following: 
Scheme 1. Kinetic scheme of a third generation biosensor. 
ki 
S + Eox , EoxS (10a) 
k-i 
k2 
EoxS • Ρ + Ered (10b) 
кз 
Ered + polymerox —— Eox + polymerred (13a) 
















Figure 11. Schematic representation of the reaction sequence in a third-generation biosensor 
In this scheme the rate constants ki, k-i, and k2 are those for Michaehs-Menten 
kinetics, and кз is the rate constant for heterogeneous electron transfer For a 
mathematical descnption of the process some assumptions need to be made. First the 
conductmg polymer is considered to be a solid mediator which shuttles electrons from 
the enzyme to the electrode by changing its redox state (equation 13a & b) Secondly, 
it is assumed that the redox capacity of the conductmg polymer is sufficiently high. 
This means that the number of redox-sites on the polymer must be m excess over the 
49 
number of enzyme molecules bound Finally, it is assumed that no concentration 
polarization occurs. That is, m a certain layer of measuring fluid near the electrode, 
the concentrations of the vanous involved species are uniform. This approximation 
is allowed when this layer is sufficiently thin 2 ' 5 9 Albery and coworkers have worked 
out a model for the operation of an amperometnc enzyme electrode based on Figure 
11 and Scheme 1 In their case the conductmg layer on the electrode was an organic 
salt. ' " Taking mto account the assumptions mentioned above and setting the 










In equation (14a) [E]toi is the total concentration of enzyme, j is the flux, 1 is the 
biosensor membrane thickness, [S]oo is the analyte concentration at infinite distance 
from the biosensor surface, and ko is the rate constant for analyte transport across 
the membrane. Equation (14a) separates (to some extent) the possible rate limiting 
processes.88 First, the process may be controlled by the enzyme kinetics. Secondly, 
mass transfer to the biosensor surface may be the rate limiting process. Third, the 
kinetics of the electron transfer between conducting polymer and enzyme (described 
by кз) can be the rate determining step. 
The first right hand term of (14a) reflects the Michaelis-Menten enzyme kinetics, 
and the transport of the analyte to the electrode surface. Formation and decomposition 
of the enzyme-product complex is represented by the second term of equation (14a). 
The third term accounts for the electron transfer between enzyme and conducting 
polymer. 
Two important limiting cases can now be considered. When the enzyme-product 
complex dissociates fast and when also the reoxidation of the enzyme is a rapid 
process compared with the preceding steps of mass transport and binding of analyte 
to the enzyme, the latter two processes become rate determining (кг and кз > ко and 
ki). The reciprocal expressions for the fast processes (second and third right-hand 
[S]/KM 
Figure 12. Response curves for an amperometric biosensor under different conditions. Curve a: 
substrate transport limitation; curve b: no substrate transport limitation. 
term of 14a) are correspondingly small and their contribution to the limitation of the 







 + — L _ (14b) 
J lk2 [E]tot [5]oo kD [S]oo 
In this expression, enzyme kinetics and substrate transport are separated This limiting 
case is of special interest when analyzing the biosensor response. A biosensor which 
behaves according to (14b) should display a linear dependence of the current on the 
analyte concentration This is shown graphically m Figure 12, curve a. Variation of 
the enzyme loadmg, [E]toi, or the diffusion layer (for example, by changing the 
thickness of the enzyme membrane) can reveal to what proportion the two different 
processes contribute to the overall rate. When the enzyme loadmg is sufficiently high, 
the overall rate is determined by the mass transfer. Under these conditions, the 
inevitable denaturation of enzyme does not immediately affect the biosensor 
response. Only after a certam amount of time has elapsed, does the biosensor response 
suddenly drop 
The second limiting case is when the enzymatic reactions or the reoxidation of 
the enzyme by the conductmg polymer are slow processes when compared to the 
mass transfer step (kD is large m comparison to ki, ki, кз). In this case, the second 
and third term of (14a) cannot be neglected. The transport of analyte to the biosensor 
surface is rapid and in no way limits the overall reaction rate. The analyte 
concentration at the sensor surface remains essentially equal to the bulk concentration 
and equation 14a reduces to. 
; Ik215] » l кг m 
The first two terms on the right-hand side of equation (14c) now describe 
Michaehs-Menten enzyme kmetics and are analogous to the terms describing the 
Lineweaver-Burk plot. The last term in (14c) represents the reaction of the reduced 
enzyme with the conductmg polymer. Curve b m Figure 12 represents this limiting 
case. The response is no longer linear with substrate concentration. 
When the electric potential is too low, the biosensor will display so-called Tafel 
behaviour, ' ι e , the response current becomes dependent on the applied potential. 
This current limitation by interfacial kmetics was first descnbed by Tafel (1905). He 
showed that in many electrochemical experiments the current is exponentially related 
to the overpotential η (15). The latter potential is the sum of all potentials mvolved 
m the redox process, e.g., concentration polarization, energy of activation, and 
reaction polarization. This overpotential must be added to the formal electrochemical 
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potential E 0 ' , for the redox reaction to occur In the Tafel equation (15) a and b are 
constants 
r| = a + blogi (15) 
In the so-called Tafel-region of an electrochemical process a plot of log ι versus the 
work electrode potential gives a straight Ime Testing for Tafel behaviour of badly 
performing biosensor systems may give valuable information with regard to the 
optimization of parameters like the applied potential and mass transfer limitations 
Tafel plots will reveal whether the current is controlled by mass transfer limitations, 
intertacial dynamics, or a combination of both 
From a thermodynamic point ot view, a mediator for a redox enzyme must have 
the proper redox potential in order to exchange electrons with the redox-active center 
of the enzyme The formal potential of redox enzymes is usually rather critical. An 
advantage of conducting polymers is that they are electrochemically active and able 
to show interfacial electron exchange over a rather large potential interval 
It may be concluded that it is possible to get a properly functioning (third-
generation) biosensor when the mass transport is not too fast in companson with the 
kinetics of the enzymatic reaction When this condition is not met, а рюог biosensor 
performance and a low dynamic range will result It is of paramount interest to keep 
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3 Synthesis and characterization of polymer 
modified electrodes for possible use in 
amperometric biosensors 
3.1 Introduction 
In this thesis electron conducting polymers are studied as a matrix for the 
immobilization of redox enzymes. The ultimate goal is to achieve direct electronic 
communication between the enzyme and an electrode on which the conducting 
polymer is deposited. " It has been shown that a conducting polymer can improve 
the stability of the immobilized enzyme. Furthermore, such a polymer can introduce 
kinetic selectivity on the electrode surface and can prevent fouling of the electrode. 
Deposition of conducting polymers on electrode surfaces can be achieved by 
electro-oxidation of the corresponding monomers. When these monomers have 
hydrophilic sidegroups (e.g. sulphonate or hydroxyl functions) electrochemical 
oxidation may lead to electroconductive hydrogels.7"9 Such hydrogels might be very 
favourable matrices for enzyme immobilization. 
In this chapter we describe the electrochemical polymerization of a series of 
hydrophobic and hydrophilic pyrrole and thiophene monomers on platinum coated 
glassy carbon electrodes. The resulting polymer-covered electrodes are characterized 
by infrared spectroscopy, scanning electron microscopy, and cyclic voltammetry and 
subsequently tested for their enzyme immobilization properties. This investigation 




3.2 Synthesis of monomers 
Ten different monomers were studied in this work. They are presented in Chart 
1. Compounds 1, 3, and 4 are commercially available. The other monomers were 
synthesized following literature procedures,9"1" which had to be improved in some 
cases. 
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Chart 1. 
9 11 13 The synthesis of 2 involves 4 steps, starting from pyrrole (1) (Scheme 1). ' ' 
The latter compound was first protected on nitrogen by treatment with 
phenylsulphonyl chloride using phase transfer-conditions. The N-protected pyrrole 
was provided with a 4-chlorobutyryl substituent at the 3-position by a Friedel-Crafts 
reaction with 4-chlorobutyryl chloride and AICI3 followed by a Clemmensen 
reduction. Treatment of the resulting compound with НагЗОз (Strecker reaction) and 
N-deprotection with NaOH yielded 2 in a pure form (12.5 % yield). In the Strecker 
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Scheme 1. 
reaction a phase transfer catalyst was used. The need for this catalyst was not 
evaluated. 
Monomer S was synthesized by a nickel catalyzed cross-coupling reaction from 
3-bromothiophene and hexylbromide.12·15·1^ 
The syntheses of 6 and 7 are presented in Scheme 2. The reactions start with the 
reduction of 3-thiophene acetic acid with LÍAIH4 to give the alcohol 6. The latter 
compound was converted into the tosylate using standard conditions.20 This route is 
to be preferred over a literature method which uses the mesylate. ' The tosylate is 
a crystalline solid which can be isolated by filtration. The mesylate derivative can 
OH ^ ^ T o s y l 
Pyridin« > \ - / ^ > 
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only be purified by tedious chromatographic procedures. The tosylate was converted 
into the iodine with Nal in dry acetone at room temperature. This reaction proceeded 
quantitatively. Finally, the iodide was transformed into 7 by a Strecker reaction with 
a slight excess of an aqueous solution of МагЗОз in an autoclaved vessel at 140 0 C 
(yield 70-80%). It is known from the literature that sulphonate 7 is difficult to 
polymerize, in contrast to its methyl ester. Therefore, we also prepared the latter 
compound as shown in Scheme 2. The above-mentioned sulphonate was converted 
to the sulphonyl chloride by treatment with POCI3 in acetonitrile and sulfolane. This 
method is more convenient than the literature procedure, which uses thionyl chloride 
in dimethylformamide, as no complexes of the product with the solvent are formed. 
In our case the sulphonyl chloride could be obtained by crystallization from hot 
hexane. Treatment of the sulphonyl chloride with sodium methoxide in methanol at 
0 0 C yielded the ester in nearly quantitative yield as white crystals. " 
l-iodo-2-(3-Thienyl)ethane was used as the starting material for the synthesis of 
8 (Scheme 3). Alkylation of the former compound with diethyl malonate and NaH in 
DMF, followed by hydrolysis and decarboxylation at 180 0 C afforded 
4-(3-thienyl)butanoic acid as a brown oil. This oil was treated with LÍAIH4 in dry 
diethyl ether to give 8 in 47 % yield.10 
. 4 / C H ( C 0 2 E t ) 2 ^ / С Щ С О ^ 






Monomers 9 and 10 were synthesized by a nickel catalyzed cross-coupling 
reaction from 3-bromothiophene and l-bromo-4-(4-methoxyphenoxy)butane and 
l-bromo-5-(4-methoxyphenoxy)pentane, respectively.15,16 
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3.3 Synthesis of polymers 
Electrochemical polymerization of monomers 1 - 1 0 was performed under 
potentiostatically as well as galvanostatically controlled conditions. In general, the 
latter procedure gave polymer films of higher quality. However, polymerization under 
potentiostatic control offered the possibility to record current-potential curves during 
the reaction. The onset potentials (oxidation potential of the monomer) for the various 
polymerizations were obtained by linear sweep voltammetry (LSV). These onset 
values as well as the other polymerization conditions are presented in Table 1. As 
expected from data in the literature, the onset potential for the thiophene-based 
monomers was much higher than for the pyrrole-based monomers as the oxidation 
of the pyrrole ring proceeds at a lower potential than the oxidation of the thiophene 
ring.24"27 The redox behaviour of the resulting conducting polymers was evaluated 
by cyclic voltammetry (CV). The oxidation (Ox) and reduction (Red) potentials of 
the polymers are given in Table 1. Electrochemical polymerization of monomers 6 
and 8 led to blueish paste-like deposits on the electrode. This material did not adhere 
sufficiently to the electrode surface and as a result determination of the redox 
behaviour was not possible. The hydroxylic functions probably caused the polymer 
Table 1. Experimental conditions for the polymerization of different pyrrole and thiophene 
monomers and redox potentials of the corresponding polymers. 
Monomer3 Onset Solvent Electrolyte3 
potential/Vb 
1 0.56 water NaCl 
2 0.99 water NaCl 
2 1.75 acelonitrile BU4NCIO4 
4 1.58 acetonitrile BU4NCIO4 
5 1.64 acetonitrile BU4NCIO4 
£ 1.14 acetonitrile BU4NBF4 
2 с acetonitrile BU4NBF4 
8 1.08 acetonitrile BU4NBF4 
2 1.17 acetonitrile BU4NCIO4 











 Monomer concentration 0.3 M; electrolyte concentration 0.15 Μ; Τ = 25 0C. 
AU potentials are versus an Ag/AgCl reference. 
с 7 ' 
Not determined. The literature value for the corresponding methylester is 1.80 V. '' 
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to be soluble in the polymerization medium, preventmg the formation of a continuous 
film. In the case of monomer 9 no electrode deposit was obtained at all. We tentatively 
ascribe this to stenc factors Electropolymenzation of monomer 10, however, did 
yield a contmuous film, both under potentiostatic and galvanostatic conditions. A 
possible explanation might be that the bulky ether substituent in 10 is farther away 
from the thiophene ring, creating the proper conditions for film growth. 
It has been reported in the literature that monomer 7 and its sulphonic acid 
denvative cannot be polymerized electrochemically. Because of this, we initially 
used the methyl ester of 7 in the electrochemical polymerization. The reaction was 
18 28 29 
conducted in dry acetomtnle and yielded a blue contmuous film. ' ' We hoped 
that it would be possible to convert the methyl ester to the polyelectrolyte and still 





Figure 1. Cyclic voltammograms recorded during the polymerization of (a) pyrrole w water 
containing 0 15 M sodium chloride, (b) (3-methyl)thiophene in acetomtnle with 0 15 M 
tetrabutylammonium Perchlorate, and (t) (3 hexyl)thiophene m acetomtnle with 015 M 
tetrabutylammonium Perchlorate Monomer concentration 0 3 M Scanning rate 50 mVIs, 
potentials are given versus Ag/AgCl 
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dipping the polymer coated electrode mto a solution of for instance sodium iodide in 
acetone7 led to dissolution of the polymer film. Later we found that it is possible to 
polymerize 7 in a direct manner, therefore further attempts to use the methyl ester of 
7 were discontinued Electrochemical polymerization of 7 appeared to be successful 
m CH3CN solution with our standard monomer concentration of 0.3 M. This 
monomer concentration apparently is high enough to create conditions in which the 
growth rate of the polymer is sufficiently high to compete with deactivation by 
overoxidation 
An attempt was made to co-polymenze monomer 7 with the acrylic acid ester of 
6 in order to obtain a conducting polymer that could be cross-linked by irradiation 
with UV-light after electropolymerization. The idea was to perform this cross-linking 
reaction in the presence of glucose oxidase. This enzyme would then become 
entrapped m the resulting polymer structure. However, this copolymenzation reaction 
was not successful no deposit was formed on the electrode when the acrylate of 6 
was present in the electropolymerization solution. When this acrylate was 
electropolymerized separately, a dark-blue deposit was obtained This deposit 
appeared to be insoluble and mprocessible and it was concluded that cross-linking of 
the acrylic functions with the growing polymer chains had occurred during the 
electrochemical polymerization. This was confirmed by infrared spectroscopy which 
revealed the disappearance of the acrylic functions in the solid product. 
With the exception of 10, all monomers polymerized by a nucleation and growth 
mechanism,' indicated by the cyclic voltammograms that were recorded during the 
polymerization. The anodic current in the first part of the reverse scan in the cyclic 
voltammograms of pyrrole, 3-methylthiophene, and 3-hexylthiophene was larger 
5 mA 
Figure 2. CycliL voltammogram recorded during the polymerization о/Ш m acetonitnle with 0 15 
M tetrabutylammomum Perchlorate Monomer concentration 0 3 M Scanning rate 50 mVIs, 
potentials are given versus AglAgCl 
39 
Chapters 
than the current in the forward scan, resulting in a crossover (Figure la - c). This 
phenomenon has been observed before for a number of conducting 
polymers.27·30·32·33 The cyclic voltammogram of 10 did not show such a crossover 
(Figure 2). The formation of the polymer of 10 probably proceeds through a more 
regular growth mechanism. Scanning electron micrographs of the polymer films 
Figure 3. Scanning electron micrographs of electrochemically synthesized polymer films: (a) 
poly(pyrrole), (b) poly-[(3-hexyl)thiophene], (c) poly-[l-(4-methoxyphenoxy)-5-(3-thienyl}-
pentane]. Polymerization conditions: monomer concentration 0.3 M, electrolyte concentration 
O.J5 M, galvanostatic polymerization at 20 mAlcnfi during 60 s. The magnification is 30,000. 
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confirmed the existence of different growth mechamsms. In the case of poly(10) a 
rather smooth and continuous surface morphology is observed (Figure 3c), whereas 
the morphology of the other polymers (Figure 3a and b) is typified by individual 
nuclei of various dimensions. The deviating behaviour of 10 may partly be explained 
from the fact that the onset potential of this monomer is relatively low as compared 
to the other thiophene derivatives (Table 1). As a result, many individual chains start 
to grow on the electrode surface, giving rise to a smooth structure. The oxidation 
potential of these regularly growing chains changes only very slowly. This leads to a 
normal cyclic voltammogram (Figure 2). Most likely, the other conducting polymers 
are initially formed in the solution very near the electrode surface. When the 
concentration of the polymer molecules reaches a certain value, the molecules 
precipitate onto the electrode. Nuclei are formed, which grow farther into a bulk film 
structure. At the moment of nucleation, the oxidation potential suddenly drops. In 
practice, this is revealed by the enhanced anodic current in the cyclic voltammogram 
during the backward scan and the mentioned current crossover (Figure 1). 
Cyclic voltammetry on the synthesized polymers in monomer free electrolyte 
solutions yielded characteristic current-potential profiles (fingerprints, Table I ) . 3 4 As 
an illustration the cyclic voltammograms of poly(4) and poly(5) are shown in Figure 
4a and 4b, respectively. In the voltammograms the oxidation and reduction waves are 
clearly visible, which means that the polymers are electroactive in the indicated 
potential region. At higher anodic potentials some overoxidation of the polymers is 
observed.27·35,36 в 0 ( ^ poly(4) and poly(5) show overoxidation at a potential that is 
(a) OB9 ν (b) 
E/V 
E/V 
Figure 4. Cyclic voltammograms of conducting polymers in monomer free solution of 
tetrabutylammomumPerchlorate in acetonitnle: (a) poly-[(3-methyl)thiophene], (b) 
poly-f(3-hexyl)thiopheneJ. Electrolyte concentration O.J5 M, Scan rate 50 mV/s, potentials are 
given versus Ag/AgCl. 
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lower than the onset potential of the corresponding monomers (Table 1). These 
polymers, therefore, are not stable at the potential they are synthesized However, 
when excess of monomer is present this overoxidation must compete with 
polymerization and is suppressed This phenomenon is called the poly(thiophene) 
л 26,37 paradox. 
Founer transform infrared spectroscopy (FTIR) was used to characterize the 
polymers further As compared to the monomers the IR-spectra of the polymers 
displayed a diminished absorption at the frequency corresponding to the CH-stretch 
of the aromatic heterocycle (3125 cm"1) This is a strong indication that 
polymerization of the heterocycles has taken place at the α,α-position. Some other 
relevant IR data of the polymers are bummanzed in Table 2 

























As already mentioned, polymerization under potentiostatic control produced 
films of rather low quality Especially in the case of the hydrophobic monomers 1,3, 
4, & 5 the coverage of the electrode was non-continuous and the polymers were very 
brittle Polymerization under galvanostatic control gave conducting films of much 
higher quality In all cases, except for monomers 6, 8, and 9 where no polymer film 
was formed, nicely adhering layers were obtained. These polymer-modified 
electrodes were tested for enzyme adsorption 
3.4 Enzyme adsorption 
Adsorption of glucose oxidase on the polymer-modified electrodes was 
investigated by dipping these electrodes into a phosphate buffered saline (PBS, pH 
7.4) solution, containing the enzyme (5 mg/ml) The enzyme was allowed to adsorb 
42 
Polymer modified electrodes 
for time periods varying between 1 hour and several days. Both stirred and unstirred 
solutions were used. After this treatment the electrodes were either directly rinsed 
with PBS solution or dried first and rinsed with PBS afterwards. Drying was carried 
out by storing the electrodes at 4 0 C for at least 17 hours either over СаСІ2 or without 
this drying reagent. 
The various enzyme modified electrodes were tested for enzyme activity by an 
electrochemical assay in which the natural co-substrate of the enzyme is replaced by 
the artificial electron acceptor benzoquinone. ' The hydroquinone formed is 
measured by the rotating disk electrode technique. The procedure is described in more 
detail in Chapter 4. None of the enzyme treated polymer electrodes displayed any 
significant enzymatic activity. Apparently, adsorption of active glucose oxidase 
molecules either does not take place on the electrodes or the enzyme becomes 
denatured during the immobilization. Because of this negative result no further efforts 
were undertaken to test the various conducting polymer electrodes as amperometric 
biosensors. 
3.5 Conclusions 
We may conclude from the results presented in this chapter that enzyme 
immobilization by physical adsorption on planar conducting polymer electrodes is 
unsuccessful. Similar conclusions were drawn by others and a number of alternative 
methods for glucose oxidase immobilization on conducting polymers have appeared 
in the literature. " In the course of our investigations we realized that the 
microstructure of the conducting polymer matrix is an important parameter. Planar 
electrodes modified with hydrophobic or hydrophilic conducting polymers 
apparently cannot create the proper environment for immobilizing an enzyme while 
retaining its biological activity. In the following chapters, two different microporous 
conducting polymer matrices which can be successfully used to construct a 
third-generation biosensor are described. 
3.6 Experimental 
Refractive indices were measured with a Haake FE refractometer. Melting points 
were measured with a Reichert Thermopan optical microscope and are uncorrected. 
IR spectra were recorded on a Perkin Elmer model 298 spectrophotometer. FTIR 
spectra were taken on a Perkin Elmer model 1750 Infrared Fourier Transform 
spectrometer. H NMR spectra were recorded on a Braker WH-90 (90 MHz) or a 
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Bruker AM-400 (400 MHz) spectrometer. Mass spectra were taken on a VG 7070E 
spectrometer. 
Monomer synthesis 
When necessary, syntheses were conducted under a nitrogen atmosphere usmg 
standard Schlenk apparatus. Pyrrole was purchased from Merck, thiophene and 
3-methylthiophene were purchased from Sigma. These monomers were distilled 
under nitrogen before use. 3-Hexy Ithiophene was synthesized according to a literature 
procedure and was stored at -20 0 C under argon after distillation. 3-Thienylacetic 
acid was purchased from Janssen Chimica and was used without further purification. 
Benzoquinone was purchased from Aldnch and was sublimed at 100 0 C pnor to use. 
I -(Phenylsu lphonyl)pyrrole 
This compound was synthesized according to a method described m the 
literature. 
l-Chloro-3-[(l-(phenylsiilphonyl)-3-pyrrolyl)carbonyl]propane 
To a stirred and cooled mixture of 25 3 g (0.19 mol) of AICI3 in 125 ml of CH2CI2 
was added slowly a solution of 28 g (0 199 mol) of 4-chloro-butyrylchlonde in 25 ml 
of dichloromethane After 30 mm 31 05 g (0.15 mol) of l-(phenylsulphonyl)pyrrole 
in 100 ml of dichloromethane was added. Stimng was continued for one hour, 
whereafter the reaction mixture was poured mto 500 ml of water. After extraction 
with chloroform (300 ml), washing of the organic layer with aqueous NaOH (400 ml, 
0.6 N) and water, drying over MgS04, and concentration 45.3 g (100 %) of crude 
l-chloro-3-[(l-(phenylsulphonyl)-3-pyrrolyl)carbonyl]propane was obtained. This 
material was used as such in the next synthesis. H NMR (CDCL3) of the crude 
product was satisfactory. 
l-chloro-4-[l-(phenylsulphonyl)-3-pyrrolyl]butane 
The crude material from the above mentioned synthesis (46.9 g, 0.15 mol) was 
dissolved in 200 ml of toluene. To this solution was added a mixture of zinc powder 
(120 g) and HgCl2 (10 g) m 200 ml of aqueous HCl (0.5 Ν) followed by 200 ml of 
concentrated HCl The reaction mixture was heated under reflux for 2 h., while 
stimng. During this period three times an additional amount of 25 ml of concentrated 
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hydrochloric acid was added. The progress of the reaction was followed by H NMR. 
At the end of the reaction the mixture was allowed to cool to room temperature, 
whereafter the organic layer was separated. The water layer was extracted with 
toluene (2 χ 50 ml). The combined organic layers were washed with water, dned 
(MgS04) and concentrated to yield 34.83 g of a brown oil (0.12 mol, 78 %). This 
crude material was used in the next synthesis without further purification. H NMR 
(CDCL3) of this product was satisfactory 
4-(3-Pyrrolyl)butanesulphomc acid sodium salt (2) 
To 17.6 g (59 mmol) of the product from the above described synthesis, 175 ml 
of water and 70 ml of ethanol were added Tetrabutylammomum chloride (2 g) and 
2.6 g ( 17 mmol) of sodium iodide were added and the mixture was heated under reflux 
for 18 h. To the still hot reaction mixture, 17.6 g of NaOH was added and refluxing 
was continued for an additional 1 5 h. Subsequently, 10 ml of a saturated aqueous 
NaCl solution was added and the reaction mixture was extracted with chloroform (2 
χ 100 ml). The chloroform layer was washed with water (50 ml), and the combined 
aqueous layers were collected and concentrated under vacuum. The resulting brown 
paste was boiled in 170 ml of distilled water and then partially concentrated until the 
solution became turbid. The mixture was allowed to cool to room temperature, the 
resulting light-brown paste was filtered off, and washed twice with saturated aqueous 
NaCl. The filtrate, which contained benzenesulphonic acid ( H NMR) was discarded. 
The solid matenal was extracted with a hot mixture of 250 ml of ethanol (96 %) and 
10 ml of 2-chloroethanol followed by 100 ml of hot ethanol (90 %). The ethanolic 
extracts were combined and evaporated to dryness. The resulting solid was extracted 
agam with 250 ml of hot ethanol (90 %). The ethanol was evaporated and the residue 
was recrystallized from ethanol (150 ml, 96 %) to give 4.27 g of light-brown 
crystalline 2. Yield 32 %. The matenal decomposed before melting. The product was 
hygroscopic and slightly contaminated with benzene sulphonic acid sodium salt as 
proved by elemental analysis. IR (КВг): 3535 (N-H), 1205 & 1050 (SO) cm"1; 1П 
NMR (D2O) δ 7.4 (m, 2 H, ругто1у1Н-2,5), 6.8 (m, 1 H, pyrrolylH-4), 3.6, 3.2, and 
2.4 (3m, 8 H, alkylH); Anal. Caled for CgHnNNaOsS^OO.OSCôHsNaOsS: C, 
38.08, N, 5.56, H, 5.59. Found. С, 37.83; Ν, 5.06; H, 5.32. 
2-(3-Thienyl)ethanol (6) 




To 10.6 g (82.2 mmol) of 6 in dry pyridine (60 ml) was added at -15 0 C 19 g (100 
mmol) of p-toluenesulphonyl chloride. The mixture was allowed to warm up to 4 С 
and was subsequently stored in the refrigerator overnight. Water (10 ml) was added 
and the resulting solution was poured into a mixture of ice water (300 ml) and 
concentrated HCl (100 ml). The precipitated material was isolated by filtration and 
recrystallized from diethyl ether. Yield 21.9 g (94 %) of white 2-(3-thienyl)ethyl 
tosylate. 
The above mentioned compound (33.9 g, 0.12 mol) was added to a solution of 
dried Nal (22.5 g, 0.15 mol) in dry acetone and stirred at ambient temperature for 45 
h. After the solid (sodium tosylate) had been removed by filtration, the solvent was 
evaporated. To the resulting material 150 ml of brine was added. The mixture was 
extracted with diethyl ether (3 χ 100 ml) and the extracts were washed with an aqueous 
solution of 1 % sodium thiosulphate to reduce traces of iodine. The combined extracts 
were dried (MgS04) and concentrated to yield 28.3 g (99 %) of l-iodo-2-
(3-thienyl)ethane. η&2 = 1.623; lH NMR (CDCI3) δ 7.25 - 7.10 (m, 1 H, thienylH), 
6.95 - 6.75 (m, 2 H, thienylH), 3.40 - 2.95 (m, 4 H, CH2CH2); MS m/z 238 (26 %, 
M+), 111 (100 %, C4H3S-CH2-CH2), 97 (22 %, C4H3S-CH2). 
2-(3-Thienyl)ethanesulphonic acid sodium sait (7) 
A mixture of 2.5 g (10.5 mmol) of l-iodo-2-(3-thienyl)ethane and 1.51 g (12 
mmol) of sodium sulphite in distilled water (15 ml) was heated in an autoclave at 140 
0 C for 6 h. while stirring. The water was evaporated in vacuum and the resulting 
off-white solid was washed with diethyl ether and acetone to remove unreacted 
starting material and any sodium iodide formed. Recrystallization from water yielded 
1.98 g of 7. The product was slightly contaminated with inorganic impurities (sodium 
sulphite) as proved by elemental analysis. The compound decomposed before 
melting. IR (КВт) 1215,1180, and 1050 (S-O), 1170 (C-O); ^ NMR (D2O) δ 7.26 
(dd, J(5,4) = 4.9, J(5,2) = 2.9 Hz, 1 H, thienylH-5), 7.04 (dd, J(2,5) = 2.2, J(2,4) = 0.9 
Hz, 1 H, thienylH-2), 6.92 (dd, J(4,5) = 4.8, J(4,2) = 1.2 Hz, 1 H, thienylH-4), 3.06 -
3.01 (m, 2 H, CH2), 2.94 - 2.90 (m, 2 H, CH2); Anal. Caled, for 
C6H7NaO3S2-0.02Na2SO3: C, 33.25; H, 3.26. Found: C, 33.30; H, 3.21. 
2-(3-Thienyl)ethanesulphonyl chloride 
A mixture of 2.14 g of 7, acetonitrile (10 ml), sulfolane (5 ml) and POC13 (3.65 
ml) was stirred at 70 0 C for 1 h. The resulting brown mixture was poured into ice 
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water (30 ml) and extracted with diethyl ether (4 χ 50 ml). The combmed extracts 
were washed with water (5 χ 100 ml), dned (MgSCM) and concentrated in vacuum. 
The yellow residue was recrystallized from hot hexane to yield white needles of 
2-(3-thienyl)ethanesulphonyl chloride (1.71 g, 80 %), mp 58-59 0 C. Ή NMR 
(CDCI3) δ 7.35 (dd, J(5(4) = 4.9, J(5,2) = 2.9 Hz, 1 H, thienylH-5), 7.11 (dd, J(2,5) 
= 2.8, J(2,4) - 1.0 Hz, 1 H, thienylH-2), 6.98 (dd, J(4,5) = 4.9, J(4,2) = 1.3 Hz, 1 H, 
thienylH^l·), 3.94 - 3.90 (m, 2 H, CH2), 3.40 - 3.36 (m, 2 H, CH2); Anal. Caled, for 
C6H7CIO2S2: C, 34.20; H, 3.35. Found: C, 34.40; H, 3.39. 
2-(3-Thienyl)ethanesulphonic acid methyl ester 
To a suspension of the above mentioned compound ( 1 g, 4.75 mmol) in methanol 
(2.5 ml) was slowly added at 0 0 C sodium methoxide until the apparent pH of the 
mixture reached neutrality. After allowing the mixture to warm up to ambient 
temperature, the solvent was evaporated. The residue was disrupted by some 
treatment in dichloromethane and the resulting suspension was suction filtered. The 
filtrate was concentrated and the residue was recrystallized from carbon tetrachloride. 
Yield of pure white product 0.96 g (98 %); mp 27.0-27.5 0 C . IR (KBr): 1170 (C-O), 
1215,1185, and 1050 (S-O) cm"1; XH NMR (СОС1з)5 = 7 31 (dd,J(5,4) = 5.0,J(5,2) 
= 2.9 Hz, 1 H, thienylH-5), 7.07 (dd, J(2,5) = 2.9, J(2,4) = 1.1 Hz, 1 H, thienylH-2), 
6.96 (dd, J(4,5) = 5.0, J(4,2) = 1.3 Hz, 1 H, thienylH-4), 3.88 (s, 3 H, OCH3), 3.40 -
3.36 (m, 2 H, CH2), 3.21 - 3.17 (m, 2 H, CH2); MS m/z 206 (33 %, M+), 110 (100 
%, M - SO3-CH3); Anal. Caled, for C7H10O3S2: C, 40.76; H, 4.89. Found: C, 40.69; 
H, 4.88. 
2-(3-Thienyl)ethylacrylate 
To a mixture of 2 g (15.6 mmol) of 6 and 2.1 g (20.3 mmol) of tnethylamine in 
25 ml of dry THF was added dropwise at 0 0 C under a nitrogen atmosphere 1.84 g 
(20.3 mmol) of acryloylchlonde in 10 ml of THF. lonol (1 wt%; radical scavenger) 
was added and the mixture was stirred in the dark at room temperature for 18 h. The 
resulting off-white suspension was poured into 150 ml of aqueous HCl (0.25 Ν) and 
extracted with diethylether (2 χ 50 ml). The combined extracts were washed with 100 
ml of saturated aqueous NaHCOs and dned (MgS04). Yield: 2.77 g (98 %) of yellow 
oil. IR (KBr): 1725 (C=0), 1620 (C=C), 815 (=C-H) cm"1; λΉ. NMR (CDCI3) δ 7.35 
- 7.25 (m, 1 H, thienylH), 7.1 - 6.9 (m, 2 H, thienylH), 6.3 (dd, Juans = 16, Jgem = 2 
Hz, 1 H, -С(0)-СН=СЯ2), 5.9 (dd, Juans = 16, Jas = 10 Hz, 1 H, -С(0)-СЯ=СН2), 
5.5 (dd, Jcis = 10, Jgem = 2 Hz, 1 H, -С(0)-СН=СЯ2), 3.7 (t, J(l ,2) = 7 Hz, 2 H, CH2), 
2.0 (t, J(2,l) = 7 Hz, 2 H, CH2); MS m/z 111 (13 %, C4H3S-CH2CH2) 110 (100 %, 




Diethyl malonate ( 11.2 g, 70 mmol) was dissolved in 60 ml of distilled DMF. To 
this solution 2.09 g (70 mmol) of sodium hydride (80 % dispersion in oil) was added. 
After stirring for 20 min. a solution of 15.8 g (66.5 mmol) of freshly prepared 
l-iodo-2-(3-thienyl)ethane in 20 ml of dry DMF was added dropwise over a 10 min. 
period. Stirring was continued for 45 min. at room temperature, whereafter the 
reaction mixture was heated to 140 0 C for 4 hrs. Hereafter, it was poured into ice-cold 
diluted hydrochloric acid. The organic layer was separated and the aqueous layer was 
extracted with diethyl ether (6 χ 100 ml). The combined organic layers were dried 
(MgSCM) and concentrated to give 5.1 g of product. The latter was added to a solution 
of 9 g of KOH in 350 ml of 50 % aqueous ethanol. The mixture was heated under 
reflux until TLC indicated complete saponification of the malonic ester (17 h). The 
reaction mixture was poured into 350 ml of ice-cold 10 % aqueous HCl and was 
extracted with diethyl ether (4 χ 100 ml). The organic phase was washed with 1 % 
sodium thiosulphate, dried (MgS04), and concentrated. This yielded a mixture of a 
white solid and a yellow oil. Recrystallization (СНСІз/hexane) yielded 2.72 g (12.7 
mmol, 69 % based on the starting material) of white crystalline 2-carboxy-4-
(3-thienyl)butanoic acid. Mp: 121 - 122 0 C. Ή NMR (CDCI3 + CD3OD) δ 7.28 -
7.25 (m, 1 H, thienylH), 7.00 - 6.95 (m, 2 H, thienylH), 3.37 (t, J(l,2 = 7.3 Hz, 1 H, 
ЯС(СООН)2), 2.77 - 2.72 and 2.27 - 2.21 (2 m, 4 H, CH2CH2). 
4-(3-Thienyl)butanol (8) 
The above mentioned diacid (2.47 g, 11.5 mmol) was thermally decarboxylated 
on an oil bath of 180 0 C . Yield 1.46 g (75 %) of 4-(3-thienyl)butanoic acid as a brown 
oil. ХП NMR (CDCI3) δ 7.27 - 7.23 (m, 1 H, thienylH), 6.98 - 6.93 (m, 2 H, thienylH), 
4.24 - 4.11 (m, 2 H, СЯ2СООН), 2.72 - 2.67 and 2.36 - 2.19 (2 m, 4 H, CH2CH2). 
The combined material of several decarboxylation experiments (3.36 g) was 
dissolved in 50 ml of dry diethyl ether and added dropwise to a suspension of 1.5 g 
of LÌAIH4 in 100 ml of dry diethyl ether. Excess LÌAIH4 was destroyed with water 
and hydrochloric acid (10%) was added until two clear layers appeared. The organic 
layer was separated and the water layer was extracted with diethyl ether (3 χ 100 ml). 
The combined extracts were washed with water and dried (MgS04). After evaporation 
of the solvent, the residue was distilled (110 0 C, 11 mm Hg) yielding 1.93 g (47 %, 
based on the diacid) as a colorless oil. IR (KBr) 3350 (ОН), 2950 and 2850 (CH2), 
1150 (C-O); l H NMR (CDCI3) δ 7.35 - 7.25 (m, 1 H, thienylH), 7.1 - 6.9 (m, 2 H, 
thienylH), 3.1 (t, J(l,2) = 6.0 Hz, 2 H, CH2), 2.8 (t, J(4,3) = 6.1 Hz, 2 H, CH2), 2.1 -
1.6 (broad s, 4 H, CH2CH2); MS m/z 156 (39 %, M+) 110 (31 %, C4H3S-CH2CH) 
97(100%,С4Нз5-СН2). 
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l-Bromo-4-(4-methoxyphenoxy)butane 
A solution of 20.3 g of KOH in 60 ml of methanol was added to a solution of 37.2 
g (0.3 mol) ofp-methoxyphenol in 15 ml of methanol. The resulting yellow solution 
was added slowly over a 1 h. period to a solution of 126.9 g (0.6 mol) of 
1,4-dibromobutane in 40 ml of acetone. The reaction mixture was refluxed for 1 h., 
cooled, and extracted with diethylether (3 χ 100 ml). The combined extracts were 
washed with aqueous 1N NaOH (2 χ 100 ml) and water (1 χ 100 ml), dried (Na2S04) 
and concentrated. The resulting crude yellow material was distilled under vacuum. 
The product was collected at 111 0 C (0.4 mm Hg). It solidified in the distillation setup. 
Yield 52.3 g (67 %) of l-bromo-4-(4-Methoxyphenoxy)butane. Mp 42 0 C . IR (KBr) 
2920 (CH2-0, СНз-О), 1235 and 1110 (C-O) cm"1; 'H NMR (CDCI3) δ 6.83 (s, 4 
H, АгН), 3.94 (t, J(4,3) = 6.1 Hz, 2 H, ClfcOPh), 3.77 (s, 3 H, OCH3), 3.48(t, J(l,2) 
= 6.7 Hz, 2 H, СН2ВГ), 2.09 - 2.02 and 1.94 -1.87 (2 m, 4 H, CH2CH2); MS m/z 258 
(21 %, M+), 135 (47%, Br(CH2)4), 124 (100 %, (O-C6H4-O-CH3) + H+), 109 (58 %, 
C6H4-O-CH3). 
l-Bromo-5-(4-methoxyphenoxy)pentane 
This compound was synthesized from 230 g (1 mol) of 1,5-dibromopentane and 
31 g (0.24 mol) of p-methoxyphenol as described for l-bromo-4-
(4-methoxyphenoxy)butane. The product was distilled under vacuum at 120 0 C (0.2 
mm Hg) and collected as a colorless oil. Yield 46.1 g (70.4 %); η]} = 1.5370; IR 
(KBr) 2925 (CH2-O, СНз-О), 1230 and 1105 (C-O) cm"1; Ή NMR (CDCI3) δ 6.82 
(s, 4 H, АгН), 3.91 (t, J(5,4) = 6.3 Hz, 2 H, СЩОРЬ), 3.76 (s, 3 H, OCH3), 3.42 (t, 
J(l,2) = 6.8 Hz, 2 H, B1CH2), 1.96 - 1.89, 1.80 - 1.74, and 1.65 - 1.58 (3 m, 6 H, 
CH2CH2CH2); MS m/z 272 (14 %, M+), 149 (4%, Br(CH2)5), 124 (100%, 
(O-C6H4-O-CH3) + H+), 109 (35 %, C6H4-O-CH3). 
l-(4-Methoxyphenoxy)-4-(3-thienyl)butane (9) 
To 3.16 g (0.13 mol) of magnesium flakes in 10 ml of dry diethylether was added 
slowly a solution of 30.4 g (125 mmol) of l-bromo^-(4-Methoxyphenoxy)butane in 
40 ml of dry diethylether. After refluxmg for 6 h. the mixture was filtered and the 
filtrate was slowly added at 0 0 C to 17.2 g (0.106 mol) of 3-bromothiophene and 70 
mg (0.1 mol%) of dichloro[l,3-bis(diphenylphosphmo)propane]mckel(II). The 
mixture was refluxed overnight and subsequently poured into 150 ml of ice-cold 
aqueous HCL (0.25 Ν). The organic layer was separated and the water layer was 
extracted with diethyl ether (3 χ 100 ml). The combined extracts were washed with 
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water, dried (N32804), and concentrated. The resulting brown oil (28.11 g) was 
crystallized by the addition of methanol (200 ml). Recrystallization from hexane (250 
ml) yielded 12 g (43 %) of off-white 9. The product was slightly contaminated with 
l,8-bis(p-methoxyphenoxy)octane15; mp 31-33 0 C. IR (KBr) 3100 (АгН), 2965 
(CH2-0, СНз-О), 1240 and 1110 (С-О) cm"1; Ы NMR (CDCI3); δ 7.19 (dd, J(5,4) 
= 5.0, J(5,2) = 3.0 Hz, 1 H, thienylH-5), 6.91 (dd, J(4,5) = 5.0, J(4,2) = 1.1 Hz, 1 H, 
thienylH-4), 6.89 (dd, J(2,5) = 2.9, J(2,4) = 1.0 Hz, 1 H, thienylH-2), 6.81 - 6.78 (m, 
4H, ArH), 3.92 - 3.85 (m, 2 H, CH2), 3.7 (s, 3 H, OCH3), 2.7 - 2.6 (m, 2 H, CH2), 1.8 
- 1.7 (m, 4 H, CH2CH2); MS m/z 262 (43 %, M+) 139 (37 %, С4Нз8-(СН2)4) 124 
(100%, (О-СбЩ-О-СНз) + H+), 109 (20 %, СбЩ-О-СНз) 97 (85 %, C4H3S-CH2); 
Anal. Caled for C15H18O2SO.OI5C22H30O4: С, 67.28; Η, 6.78. Found: С, 67.56; Η, 
6.77. 
l-(4-Methoxyphenoxy)-5-(3-thienyl)pentane (10) 
This compound was synthesized from 34.1 g (0.125 mol) of 
1 -bromo-5-(4-methoxyphenoxy)pentane 5-(p-Methoxyphenoxy)pentylbromide and 
17.2 g (0.106 mol) of 3-bromothiophene as described for 9. Crystallization of the 
crude oil was achieved by the addition of hot hexane. Yield 21.1 g (72 %) white solid 
10. The product was sl ightly contaminated with l,10-bis(p-
methoxyphenoxy)decane15; mp 48-49 0 C. IR (KBr) 3100 (ArH), 2965 (CH2-O, 
CH3-O), 1240 and HlOtC-C^cm' 1; ^ NMR (CDCI3) 6 7.23 (dd, J(5,4) = 4.9,J(5,2) 
= 2.9 Hz, 1 H, thienylH-5), 6.94 (dd, J(4,5) = 4.8, J(4,2) = 1.2 Hz, 1 H, thienylH-4), 
6.92 (dd, J(2,5) = 2.6, J(2,4) = 0.9 Hz, 1 H, thienylH-2), 6.84 - 6.81 (m, 4 H, ArH), 
3.92 - 3.88 (m, 2 H, CH2), 3.76 (s, 3 H, OCH3), 2.69 -2.64 (m, 2 H, CH2), 1.83 -1.75 
(m, 2 H, CH2), 1.73 - 1.65 (m, 2 H, CH2), 1.54 - 1.46 (m, 2 H, CH2); MS m/z 276 
(51 %, M+) 153 (11 %, С4Нз8-(СН2)5) 124 (100%, (O-C6H4-O-CH3) + H+), 109 
(22 %, C6H4-O-CH3) 97 (76 %, C4H3S-CH2); Anal. Caled for 
C16H20O2SO.O5C24H34O4: C, 64.98; H, 6.82. Found: C, 64.57; H, 6.73. 
Polymer synthesis and characterization 
Electrochemical polymerizations as well as characterizations were performed in 
a one compartment three-electrode glass cell (RDE 0018 analytical cell kit, EG&G 
PARC). The cell was kept at room temperature and was equipped with a device to 
purge the solution inside the cell and to blanket it with inert gas. A platinum plate was 
used as the auxiliary electrode and an Ag/AgCI electrode (K801, Metrohm) was used 
as the reference electrode. The potentiostatic polymerizations were carried out using 
an Autolab potentiostat (Eco Chemie, The Netherlands). The potentiostat was 
controlled by an Olivetty M24 personal computer. Galvanostatic polymerizations 
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were conducted with a home-built galvanostat. A digital multimeter (Fluke 45) was 
used to register the output current and potential. Glassy carbon disks of 8 mm diameter 
(Antee Leyden, The Netherlands) were used as the working electrode. The electrodes 
were polished with Alpha Micropolish Alumina No. 1С (1.0 micron, Buehler LTD., 
U.S.A.). Platmum was applied on the polished surface with an Edwards sputtercoater 
S150B. A platinum target of 8 cm diameter and 0.5 mm thickness was used as the 
platinum source. The layer thickness was monitored with an Edwards FTMS unit. 
Sputtering was continued until the thickness of the platmum layers was 300 run. 
The electropolymerization solutions contained 0.3 M of monomer and 0.15 M of 
electrolyte. Nitrogen was first bubbled through these solutions (10 min.) to purge 
oxygen and was then used to blanket the solution during the polymerization 
experiment. After polymerization the polymer-modified electrodes were rinsed 
thoroughly with distilled water. 
Enzyme immobilization and measurement of enzyme activity 
Enzyme immobilization on the polymer films was achieved by agitating 
(Gyrotory Shaker model G2, New Brunswick Scientific, USA) the electrodes in 3 ml 
of 5 mg/ml of glucose oxidase (E.G. 1.1.3.4, type Π from Aspergillus niger, Sigma 
company; 25,000 U/g) in phosphate buffered saline (PBS) pH 7.4 at 4 0 C for at least 
1 h. The membranes were successively dried overnight at 4 0 C in a desiccator either 
over СаСІг or without this drying agent. 
Enzyme activity was assayed with a three electrode cell containing 20 ml of 
phosphate buffered saline (PBS) pH 7.4, 5 mM of benzoquinone, and 0.5 M of 
glucose. Prior to use, the glucose solution was allowed to mutarotate for at least 24 
h. The assay was performed with a platinum rotating disk electrode (6 mm diameter) 
equipped with an Electrocraft corporation model E550 motor and E552 speed control 
unit. The platmum working electrode was set at a potential of 0.350 V (Ag/AgCl 
reference) and was rotated at a speed of 2000 rpm. A platinum wire was used as 
auxiliary electrode. The solution was flushed with argon before each experiment. 
During the assay argon was blanketed over the solution. The actual assay was 
performed by monitoring the current output of the potentiostatted RDE while 
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4 Amperometric glucose sensor based on glucose 
oxidase immobilized within poIy(pyrrole) microtubules 
Abstract 
Template synthesis inside track-etch membranes is employed to create 
conducting microtubules of poly (pyrrole) Within these tubules, glucose oxidase can 
be adsorbed irreversibly, while retaining its catalytic activity A glucose sensor is 
described in which the ро1у(руіто1е) microtubules are used as a mediator With this 
sensor glucose concentrations ranging from 1-40 mM can be measured 
amperometncally under steady-state conditions By applying flow injection 
conditions this range can be extended to 250 mM. Chronoamperometnc 
determination of glucose is possible in the concentration range of 2 5-15 mM The 
sensor is highly selective for glucose and the response is independent of oxygen 
concentration. Evidence is presented that m the biosensor direct electron transfer 
occurs between glucose oxidase and the роіу(руггоіе). 
4.1 Introduction 
Creating an environment where a redox enzyme, despite its insulating protein 
shell, ' can communicate directly with an electronically conducting material, opens 
the possibility to construct a reagentless biosensor In this chapter we describe such 
a biosensor We have immobilized the redox enzyme glucose oxidase on 
poly(pyrrole), which is located within the pores of a track-etch membrane 
(Nuclepore or Cyclopore ) Such pores can act as a template to synthesize 
microtubules from polyconjugated conducting matenals like poly(pyrrole) and 
poly(thiophene), as was shown earlier by Cai and Martin These microtubules 
display enhanced electronic conductivity Our rationale was that the microscopic 
space inside the pores of the track-etch membranes, together with the morphology of 
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the conducting polymer might allow immobilization of glucose oxidase (GOd) and 
would favour direct electron transfer between the redox enzyme and the conducting 
polymer. 
It is most preferable to perform enzyme immobilization without additional 
reagents. Simple adsorption on the conducting polymer surface will allow the enzyme 
to remain catalytically active. We expected that the confined space in the pores would 
Photograph of the track-etch membrane biosensor. 
contribute to this desired property. Not only will the protein molecules inside the 
pores have a better chance to retain their active structure, but also these molecules 
will be protected from the bulk solution. Sheer forces and sensor manipulation will 
have a less damaging effect. We will show that the immobilization of glucose oxidase 









solution membrane pore anode 
Scheme 1. Electron shuttle, showing the path of the electrons involved in the enzymatic oxidation 
of glucose, mediated by the poly(pyrrole) microtubules. 
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and reagentless biosensor. This sensor is able to detect glucose in an amperometnc 
way. The reduced enzyme becomes reoxidized by donating its electrons directly to 
the conducting polymer (Scheme 1). Optimal interaction between glucose oxidase 
and the conducting polymer results in an oxygen independent detection. A photograph 
of the sensor membrane is shown on page 56. 
4.2 Results and discussion 
4.2.1 Synthesis of microtubules 
Track-etch membranes were modified with poly(pyrrole) by means of an 
oxidative polymerization reaction (see also Chapter 2). The polymerization 
equipment is shown in Figure 1. Poly(pyrrole) polymerization was effected by 




Figure 1 Schematic representation of the apparatus used in the poly(pyrrole) microtubules 
synthesis 
an aqueous 2 0 M РеСІз solution In the pores of the membrane the pyrrole monomer 
and the oxidizing solution meet, whereupon polymerization takes place. In this way 
we were able to modify membranes with onginal pore sizes ranging from 200 nm to 
8 μπι We managed to immobilize GOd in conducting polymer modified membranes 
with 400, 600, 800, and 1000 nm pores (vide infra). Membranes with larger pores 
were not used for enzyme immobilization, because modification of these larger pores 
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with conducting polymer does not lead to enhanced conductivities. Therefore, it was 
not expected that such membranes would lead to workmg biosensors 
The porosity of the modified membranes was varied by allowing the 
polymerization reaction to take place for increasing periods of time Scanning electron 
microscopy (SEM) showed how the pores of the track-etch membranes became filled 
Table 1. Mean pore size, electrical resistance, and enzyme immobilization capacity of 





































Cyclopore membrane with originally 1000 nm pores, created with 0 6 M of pyrrole and 2 0 M 
of FeCh m water 
with conductmg polymer when the polymerization time increased (Figure 2). In Table 
1 the mean pore size as measured by differential flow porosimetry is given as a 
function of the polymerization time The results m this table are for a membrane with 
an original pore size of 1 μτη There is a correlation between the pore size of the 
membrane after polymerization and the electrical resistance of the conductmg 
polymer inside the pores (Figure 3). When the pores become smaller, the amount of 
conductmg polymer mside the pores increases and the resistance becomes lower. 
After 4 minutes, the porosity became insignificantly low and the resistance reached 
a constant value of 1 9 Ω Longer polymerization times gave non-porous membranes 
(Table 1 ). Enzyme treatment of these membranes did not produce a workmg biosensor 
(see section 4.2.2) 
The membranes that were polymerized until they became non-porous showed a 
conductivity of approximately 20 Sem" As the surface area of the microscopic 
This is the conductivity (S/cm) of a роіу(ругтоіе) microtubule which was calculated from the 
resistance (Ω) of the pores according to the formula σ = 1/R A In this formula σ is the 
conductivity, R is the resistance, 1 is the length, and A is the surface area of a microtubule The 
resistance of a microtubule is estimated from the measured resistance by correcting for the number 
of pores that contnbute to the electrical conductivity during the measurement The number of 
pores is known from scanning electron micrographs. 
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Figure 2. Scanning electron micrographs of track-etch membranes with an original pore size of 
800 nm at various polymerization times: (a) untreated membrane; (b) 2 min.: (с) 5 min. 
hollow cylinders cannot be determined precisely, it is not possible to give exact 
conductivity values. The electrical resistances in Table 1, however, are accurate. 
4.2.2 Immobilization of glucose oxidase 
Immobilization of glucose oxidase inside the conducting microtubules was 







Figure 3. Resistance of a track-etch poly(pyrrole) membrane with originally J 000 nm pores as a 
function of the pore size after treatment with pyrrole andFeCh-
containing the enzyme, for at least 0.5 hour and successively drying overnight at 4 
0 C . 
The membranes, modified with conducting polymer and treated with 
GOd-solution, were tested for enzymatic activity by means of an electrochemical 
assay based on the rotating disk electrode technique (Chapter 2). It is important to 
have an indication of the amount of biochemically active redox enzyme present in 
the biosensor. The actual current response of an amperometric biosensor may be 
obscured by, e.g., interfering electroactive species in the sample solution, the solution 
impedance, and capacitive charging of the electrode. An independent assay of the 
enzyme activity would be helpful in the biosensor analysis. In the electrochemical 
assay the natural cosubstrate of the enzyme (oxygen) was replaced by the artificial 
electron acceptor benzoquinone. This molecule was chosen because it had been used 
previously with good results. The fonnation of hydroquinone, its reduced form, can 
be measured amperometrically at a rotating disk electrode (RDE, see section 2.5.4.). 
The following reactions take place: 
glucose + GOd(ox) 
-• gluconic acid + GOd(rcd) (1) 
GOd(red)+ benzoquinone GOd(ox) + hydroquinone (2) 
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At the rotating disk electrode, the enzymatically produced hydroquinone is reoxidized 
to benzoquinone: 
hydroquinone • benzoquinone + 2H + 2e~ (3) 
This process can be measured amperometrically. The angular velocity of the rotating 
electrode was chosen such that no diffusion limitation took place. The measurements 
were conducted at pH 7.4, which is not the optimum value for glucose oxidase 
(optimum activity at pH 5.5 - 6). ' However, we calibrated the activity of the 
immobilized enzyme with the activity of the enzyme in solution at exactly the same 
pH value. The glucose concentration was chosen as high as possible, viz. 0.5 M, which 
is far above the К м value. Higher values cannot be used, because of substrate 
inhibition. The benzoquinone concentration was 5 mM. This value was a 
compromise: on the one hand it is desirable to use a high concentration to avoid 
reaction rate variation due to cosubstrate consumption, on the other hand it is required 
to minimize the current increase due to the spontaneous oxidation of glucose by 
benzoquinone. For this a low concentration of co-substrate is desired. The 
measurements were conducted in an anaerobic three electrode cell to exclude the 
mediation of oxygen (see also Chapter 2). Under the above mentioned conditions the 
oxidation of benzoquinone by the enzyme will be the rate determining step. This 
means that the slopes of current-time plots from experiments with immobilized and 
free enzyme can be correlated, at least in a semi-quantitative way. The measured 
current is, therefore, directly proportional to the enzyme activity, irrespective of 
whether the enzyme is in solution or is immobilized. 
In Figure 4 the rotating disk electrode assay of a GOd-treated poly(pyrrole) 
membrane is shown. The shown response curve is for an 800 nm pore size membrane 
introduced into the assay cell. As can be seen, the current increases immediately after 
introduction of the membrane. Membranes with 400, 600, and 1000 nm pores also 
showed this behaviour, whereas membranes with pores smaller than 400 nm did not 
display any enzyme activity. The fact that after withdrawal of the membrane the 
activity returns to its initial value, is an indication that the enzyme is properly 
immobilized. Not properly immobilized material would have stayed in solution and 
the slope of the line after point 2 in the figure would have been higher. This was 
actually found for membranes treated with GOd without conducting polymer present 
in the pores. In the latter case any enzyme present in the pores is washed out. 
Drying of the membrane after adsorption of the enzyme appeared to be essential. 
Enzyme was washed out completely when membranes were used directly after 
enzyme treatment. We may conclude, therefore, that drying results in proper 
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Figure 4 Measurement of enzyme activity by monitoring enzymatically produced hydroquinone at 
a rotating disk electrode (l)&(3) introduction of membrane (2) & (4) withdrawal of 
membrane, (5) introduction ofO 125 U of glucose oxidase in solution 
From Table 1 (last column) it is evident that the enzymatic activity of the polymer 
modified membrane disappears when it is no longer porous Different polymerization 
tunes gave different enzyme activities. For the membrane in Table 1 the highest 
activity was reached at a polymerization time of one to two minutes Figure 4 shows 
that repeated introduction and withdrawal of the poly(pyrrole) membrane does not 
change the amount of active, immobilized enzyme (points 1-4). At the end of the 
measurement, a known quantity (5 μg, 0 125 U) of enzyme was added to calibrate 
the activity (point 5 in Figure 4) From this calibration it was concluded that 
approximately 0 125 U of active GOd is present in the membrane of Figure 4. 
A poly(pyrrole) modified (1 minute polymerization time) membrane with 
ongmally 1000 nm pores was treated with fluorescein-labeled glucose oxidase. This 
labeled enzyme was synthesized according to a literature procedure (reaction of GOd 
with fluorescein isothiocyanate in borate buffer, pH 9, for 2 hours at 4 0 C). The 
membrane treatment was exactly the same as for the unlabeled glucose oxidase After 
enzyme adsorption, the membrane was imaged with a confocal laser scan microscope 
m the fluorescence mode (Figure 5) From Figure 5, it is clear that only the 
poly(pyrrole) walls withm the membrane pores contain glucose oxidase. Enzyme 
adsorption on the membrane surface hardly occurs. There are only a few clusters of 
-probably denatured- protein molecules present on the surface. Therefore, we may 
conclude that the enzyme immobilization is most effective inside the pores and not 
on the membrane surface. This is in line with the results described in Chapter 3. 
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ІГ-.. · 
Figure 5. Convocal laser scan microscopy image of a track-etch membrane treated with 
fluorescein-labelcd glucose oxidase. Original pore size 800 nm, poly(pyrrole) treatment 1 min. 
4.2.3 Amperometric analysis 
Continuous flow analysis in combination with amperometry is the most 
frequently used analysis method in this thesis. This combination allows for easy, fast, 
and accurate measurements of the current response of an amperometric biosensor at 
various substrate concentrations. 
In continuous flow analysis, the detector unit is situated in a flow cell and a 
continuous flow of either a carrier solution or a solution containing the analyte of 
interest, is conducted along the detector. In our case the detector unit is the biosensor 
membrane and the analyte is the substrate for the applied enzyme. With the continuous 
flow technique steady-state currents are measured. This means that the concentration 
of analyte at the surface of the biosensor is not changing at the moment the current 
response is recorded. 
The principle of amperometry was discussed in Chapter 2.5.1. In amperometric 
biosensor analysis, the current of a given sensor is measured under the steady-state 
conditions mentioned above, in the presence of various substrate concentrations and 
compared with the current that flows when no substrate is present (background 
current). The difference in current between these two situations is an indication of 
the biosensor activity and will be dependent on the substrate concentration as 
described in Chapter 2. 
In order to construct electrodes from our poly (pyrrole) modified membranes, we 
coated one of the membrane sides with a platinum layer. A layer thickness of 50 nm 
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proved to be sufficient. Subsequent to coating, the membranes were treated with 
GOd-solution. The platinum coated electrodes did not respond to glucose when the 
membranes had not previously been treated with enzyme. Therefore, it can be 




membrane pores with conducting polymer 
and adsorbed 
enzyme 
Figure 6. Schematic representation of the track-etch membrane biosensor. 





Figure 7. Layout of the flow cell used in the biosensor activity measurements. 
64 
Track-etch membrane biosensor 
The biosensor thus constructed is shown in Figure 6 The membrane was placed 
in a three electrode cell and acted as the working electrode (Figure 7). The cell was 
taken up in a continuous flow system, with the possibility to switch between a buffer 
solution and a solution which contained a known amount of glucose. All experiments 
were earned out under an argon atmosphere and at least 25 units/ml of catalase present 
in all solutions The latter enzyme was added to destroy any H2O2 produced. In Figure 






3 6 9 
> time/min. 
Figure 8 Response of the track-etch membrane biosensor to 10 mM glucose under continuous 
flow conditions Applied potential 0350 V(vs AglAgCl) Phosphate buffered saline solution (pH 
7 4), 25 U/ml catalase Measurements under an argon atmosphere (*) Addition of glucose 
electrochemical response to glucose m this figure is representative for membranes 
containing 400, 600, 800, and 1000 nm pores. A calibration curve was made by 
successively measuring various amounts of glucose with the same sensor (Fig. 9). 
The current response to glucose was more or less linear up to 10 mM. Measurements 
could be performed up to 40 mM of glucose. 
When oxygen is present, it may become a competmg species for the poly(pyrrole) 
in accepting electrons from the flavin units of glucose oxidase. In that case not only 
the current due to the direct electron transfer to the polymer becomes smaller, but 
also hydrogen peroxide will be formed We observed no difference in response to 
glucose between sensors operating under an argon and under an oxygen atmosphere. 
To assure that absolutely no oxygen was present during the experiments the solutions 
were purged continuously with argon gas for several days ahd the response to glucose 
was measured at fixed intervals during this penod. No decrease in response was 
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Figure 9. Plot of the steady-state current measured at 0 350 V (vs Ag/AgCl) as a function of 
glucose concentration Track-etch membrane with 800 nm pores, treated with pyrroleliron(III) 
chloride for 1 mm and incubated with 5 mg/ml of glucose oxidase and subsequently dried for 18 
h Measured in phosphate buffered salme solution pH 7 4 with 25 Ulml ofcatalase under an argon 
atmosphere 
observed in this case. Further proof that the response current indeed is independent 
of oxygen comes from the experiments discussed below. 
The potential we applied routinely in our measurements was 0.350 V vs. Ag/AgCl 
reference, which is very low. Even lower potentials were possible. We were able to 
measure the response of the biosensor to glucose at a potential as low as 100 mV vs. 
Ag/AgCl (Figure 10a). In order to test whether there was any mediation by oxygen 
we also measured the response of the same sensor to H2O2 separately. At a potential 
of 100 mV vs. Ag/AgCl the current due to the addition of glucose was positive, 
whereas even small amounts of purposely added H2O2 (0 0025 wt% in phosphate 
buffer, pH 7.4) gave a strongly negative response (Figure 10b). This confirms that 
no hydrogen peroxide is formed in our track-etch membrane sensor. 
The positive response to glucose at the low potential of 100 mV is possible 
because the redox potential of the flavin unit is still much more negative. FAD, free 
in solution has a redox potential of l^-80 mV vs. Ag/AgCl. The actual redox potential 
of FAD inside our biosensor will be different, but is probably of the same order of 
magnitude as in solution Electron transfer from the FAD centers in glucose oxidase 
to an (aminophenyl)boronic acid modified glassy carbon electrode has been reported 
to take place at a potential of -505 mV vs Ag/AgCl. 
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In our opinion, electron mediation by FAD, which is released from the enzyme, 
can be excluded. The flavin co-factor is essentially irreversibly bound to the protein.13 
Our measurements were performed in a flow-system. Any released FAD would have 
been immediately washed out and could not accidentally have mediated the electron 
transfer. Therefore, we may be reasonably sure that the enzyme transfers its electrons 
directly to the conducting polymer The confined space in the pores, together with 
the amorphous structure of the роіу(руггоіе) interior apparently brings the active 
centers of the enzyme molecules in close contact with the conductmg polymer In its 
oxidized state poly(pyrrole) is a polycation. Glucose oxidase, on the other hand has 
at least net 10 negati ve charges on its surface The interaction between polymer and 
enzyme, therefore, is expected to be electrostatic in nature and may be very strong 
(see also below). 
After enzyme treatment the track-etch biosensors were dned over СаСІ2 in a 
desiccator. Drying of the membrane after enzyme treatment appeared to be essential 
for good enzyme immobilization and for the communication between the enzyme and 
the conductmg polymer. We believe that water and enzyme are competmg species 
with regard to binding to the polymer. When water is removed by evaporation, enzyme 
adsorption is favoured and the active centers of the enzyme can approach the 
conducting polymer sufficiently to make direct electron transfer possible. The 
possibility of realizing direct electron transfer from biocatalysts to electrodes has been 
mentioned m the literature and direct electron transfer between glucose oxidase and 
18 19 
роіу(руггоіе) has been described before. ' However, no glucose dependent current 
values were reported and it was said that the direct interaction of glucose oxidase with 
poly(pynOle) is weak. Electron transfer between glucose oxidase and an 
10G 
- 5 0 
- 1 0 0 
Figure 10. Current response of a track-etch membrane biosensor (same sensor as in Figure 9) at 
a measuring potential of 0 100 V vs AglAgCl (a) 5 mM glucose, (b) 0 0025 wt% of H2O2 
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(aminophenyl)boronic acid modified glassy carbon electrode has been described but 
measurements of glucose concentrations were not reported The direct interaction 
of glucose oxidase with conductmg organic salt electrodes has been claimed by Albery 
and coworkers, ' but their results are not unambiguous We observed a distinct 
current response and the possibility of mediated electron transfer can probably be 
excluded as discussed above 
The response time of the sensor is the tune necessary to reach 95% of the 
steady-state current This response time was measured for 5 mM glucose 
concentrations and appeared to be 40 ± 2 s, which is fast considering the geometry 
of the sensor External and internal substrate diffusion resistances contnbute to this 
response time (see Chapters 2 & 7) 
4.2.4 Response under increased salt concentrations 
The response of the sensor to 10 mM glucose was investigated under vanous salt 
(NaCl) concentrations When the ionic strength of the solution was increased, the 
electron transfer from the enzyme to the electrode became diminished as is shown by 
the decreased current response m Figure 11 However, the process is reversible as the 
response fully recovered upon switching back to the initial salt concentration (0 15 
M, Figure 11). We believe that at high ionic strength the charges involved in the 
.15 M 
3 9 Ts" 21 
tvme/TnxTi. 
Figure 11 Response of a track-etch membrane biosensor to 10 mM glucose at different NaCl 
concentrations The conditions were as indicated in Figure 9 (*) Addition of glucose 
electrostatic interaction between enzyme and conductmg polymer are screened, 
thereby suppressing the transfer of electrons (see also Chapter 5). 
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Figure 12 Relative activity of glucose oxidase in solution in the presence of various 
concentrations ofNaCl 
To exclude the possibility that the diminished current response is due to inhibition 
of the enzyme activity by СГ, we tested the enzyme activity of glucose oxidase in 
solution in the presence of NaCl by means of a spectrophotometnc assay. This assay 
is based on a coupled reaction of the enzymes glucose oxidase and horseradish 
peroxidase The peroxidase catalyses the reaction of a reduced chromogen 
(o-diamsidine) with H2O2, which is produced by glucose oxidase. The oxidized form 
of o-diamsidine is subsequently measured spectrophotometncally at 450 nm The 
chloride concentration in the activity measurements was vaned from 0 to 1 M. An 
enzyme concentration corresponding to 5 mU/ml and a glucose concentration of 100 
mM were used The concentration of o-diamsidme was 10 mM and the peroxidase 
activity was approximately 0 6 U/ml. In the relevant NaCl concentration range 
(0 15-1 0 M) the enzyme activity did not decrease significantly (Figure 12), showing 
that the enzyme activity is not dependent on the СГ concentration. 
4.2.5 Selectivity and lifetime 
The sensitivity of the sensor to fructose, citrate, lactate, urea, une acid, gluconate, 
and pyruvate was tested separately. No significant response was observed to any of 
these components when they were present at mM concentrations. Ascorbate (vitamin 
C), a common interfèrent in amperometnc biosensors, however, interfered strongly 
when present at 5 mM concentration. However, m real samples the ascorbate 
concentration is usually much lower (e.g. milk; 0 1 mM). 
The response of a freshly made biosensor to 10 mM glucose was tested over a 
penod of 5 weeks in the presence of 25 units/ml of catalase. The response was not 
stable during the first days of operation (Figure 13). In the beginning, the current 
69 
Chapter 4 
response to 10 mM glucose decreased to 50 % of the value measured on the first day. 
Similar lifetime curves have been reported before in the literature for other 
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Figure 13. Plot of the current response due to 10 mM glucose for the track-etch membrane 
biosensor of Figure 10 as a function of time. Between the measurements the biosensor was kept in 
the flow cell while the flow was maintained at 1.75 ml/min. Τ = 25 °C. 
finnly bound, is slowly washed out. After a few days, only firmly bound enzyme is 
left and a stable current response is obtained over an extended period of time. The 
response of the sensor remained nearly the same for more than 3 weeks (Figure 13). 
In this period measurements of glucose were performed for prolonged periods of time 
and different experiments were conducted with the sensor membrane. For instance, 
between day 20 and 22, 10 mM glucose was measured continuously for 18 hours. 
The current did not decrease significantly during this measurement. 
We also measured glucose for extended periods of time under ambient 
atmosphere without catalase present. No significant loss of membrane sensitivity was 
observed in this case. If the reoxidation of GOd had been mediated by oxygen, this 
would have resulted in denaturation of the enzyme by hydrogen peroxide. 
4.2.6 Flow injection analysis technique 
In the flow injection analysis technique (FIA) a small volume of a sample solution 
is introduced into the carrier stream of a flow system. In this way a well defined and 
reproducible concentration transient is produced at the detector. The current response 
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of an amperometnc biosensor in a flow injection system is the sum of vanous 
parameters, e g., the injection volume, the analyte (substrate) dispersion during 
transport from the injection site to the sensor surface, and the mass transfer parameters 
of the biosensor. The best results are obtained when the sample volume leads to a 
current response with a peak height of half the value of the steady-state response. 
For an enzyme based biosensor this means that in FIA measurements not all the 
enzyme molecules are occupied with substrate. As a result, current limitation by the 
enzyme reaction kinetics will not occur, even not at high substrate concentrations. 
Therefore, it may be expected that under FIA conditions the dynamic range of the 
biosensor will be larger. 
A track-etch membrane with ongmally 800 nm pores which had been treated with 
pyrrole and FeCls for one minute, followed by glucose oxidase adsorption and drying, 
was used as the enzyme electrode in the FIA experiments. The electrode was poised 
at a potential of 0.35 V versus Ag/AgCl. Measurements were conducted under argon 
with 25 U/ml catalase present in all solutions. The same flow system was used as for 
the continuous flow measurements (section 4.2.3). In the FLA experiments the buffer 
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Figure 14 Plot of the current measured at 0 350 V (vs Ag/AgCl) as a function of glucose 
concentration Comparison of the steady-state current (A) with the current measured m the flow 
injection analysis technique (B) Track-etch membrane with 800 nm pores, treated with 
pyrrolehron(ni) chloride for I mm , incubated with 5 mglml of glucose oxidase and subsequently 
dried for 18 hrs Measured m phosphate buffered salme solution pH 7 4 with 25 U/ml of catalase 
under an argon atmosphere 
stream was replaced by a glucose solution for a short period of time. In this way, a 
small amount of glucose solution could be introduced mto the earner stream. The 
earner solution was forced through the cell with a flow rate of 1.75 ml/mm. A high 
concentration of glucose (250 mM) was chosen to optimize the conditions (vide 
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supra). The optimum injected volume corresponded with a sampling time of 19 s In 
Figure 14 the normalized current response (imax = 100 %) of the sensor is shown 
under steady-state conditions (A) and FIA conditions (B). From this figure it can be 
seen that the response in the FIA measurement is very good over a wide range of 
glucose concentrations. It can be concluded that the dynamic range of the biosensor 
is much larger in the flow injection mode than in the steady-state condition mode, as 
was expected. Concentrations up to 250 mM glucose can be determined with good 
results. This is an improvement of more than 600 % in companson with measurements 
under steady-state conditions. 
4.2.7 Chronoamperometry 
The chronoamperometnc analysis technique was described in Chapter 2.5.2. 
From the Cottrell equation (Chapter 2, equation 7) it follows that the diffusion limited 
current, id, is proportional to the bulk analy te concentration and inversely proportional 
to t . Measuring the current as a function of time after a potential step under various 
bulk analyte concentrations, сь, will lead to different decay curves. Sampling the 
current magnitude at a fixed time, t = τ, will give information about the current 
dependence on the analyte concentration. 
time/s 
Figure 15 Chronoamperometnc measurements of glucose concentrations with the track-etch 
membrane biosensor described in Figure 9 Degassed stagnant solutions, containing 25 Ulml of 
catatase, kept under argon Potential step from 0150 to 0350 V versus AglAgCl (a) no glucose, 
(b) 2S mM, (c) 5 mM, (d) JO mM, and (e) 15 mM of glucose 
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It was found that the dynamic range of the track-etch membrane biosensor was 
very small when the working potential was 0.15 V versus Ag/AgCl. This potential is 
too low for the роіу(руітоіе) tubules to mediate electron transfer and the enzyme 
molecules probably remain in the reduced state. As a result the latter molecules are 
all saturated with substrate, even at low glucose concentrations. Consequently, no 
catalytic current flows at such a low potential. As the current response at low (0.15 
V vs. Ag/AgCl) and high (0.35 V vs. Ag/AgCl) potential was very different, it was 
expected that the membrane sensor could be used to analyze glucose concentrations 
successfully by chronoamperometry. 
Chronoamperometric measurements were performed with a track-etch 
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Figure 16. Calibration cune based on the chronoamperometric data in Figure 15; sampling time 3.4 s. 
membrane sensor with originally 800 nm pores, treated with pyrrole and FeCls for 
one minute. Adsorption of glucose oxidase was achieved in the usual way. The apphed 
potential step was from 0.15 to 0.35 V versus Ag/AgCl. All solutions were purged 
with argon and contained 25 U/ml of catalase. The chronoamperometric curves 
obtained at various glucose concentrations are shown in Figure 15. A number of 
sampling times was tested but the best results were obtained with a time of 3.4 s. As 
is seen in the figure, concentrations up to 15 mM can be measured reproducibly. 
Higher concentrations of glucose gave curves that could not be distinguished from 
the curve for 15 mM glucose. In Figure 16 a calibration curve is shown based on the 




The biosensor described here can easily be constructed and is a simple device for 
measuring glucose. It can be used for extended penods of time. The selectivity for 
glucose is high. Our amperometnc measurements were carried out at relatively low 
potentials, which is very advantageous since interference by non-enzymatically 
oxidizable species will become less important, thereby improving the selectivity of 
the biosensor. 
Evidence is presented that the response to glucose may be the result of direct 
electron transfer between enzyme and conducting polymer. The positive current 
response of the sensor on the addition of glucose even at low measuring potential 
(100 mV vs. Ag/AgCl), the observed negative response to H2O2 at this potential, the 
reversible quenching of the response current under increased salt concentration, and 
the oxygen independent signal are indications for this. The fact that no oxygen is 
required as a mediator has a positive effect on the stability and the lifetime of the 
biosensor. 
4.4 Materials and methods 
Materials and apparatus 
Glucose oxidase (E.C. 1.1.3.4) type II (25,000 U/g) or type X-S (150,000 U/g) 
from Aspergillus mger and catalase (E.C. 1.11.1.6, 2800 U/mg) from Bovine liver 
were obtained from Sigma. Horseradish peroxidase (E.C. 1.11.1.7) grade Π (180 
U/mg) was purchased from Boehnnger (Mannheim). Benzoquinone was from 
Aldnch (FRG) and was sublimed pnor to use. Pyrrole was from Merck and was 
distilled under nitrogen before use. Anhydrous iron(III)chlonde (98%) was obtained 
from Fluka and was used as received Fluorescein isothiocyanate was from Janssen. 
The Nuclepore membranes were purchased from Ankersmit (The Netherlands). The 
Cyclopore® membranes were a gift from Cyclopore S.A. (Belgium). All other 
reagents were commercial products and of analytical grade. 
Electrochemical measurements were performed with an Antee CU-04-AZ 
controller (Antee Leyden, The Netherlands) or an Autolab potentiostat controlled by 
an Olivetti M24 Personal Computer and General Purpose Electrochemical System 
(GPES)-software (Eco Chemie, The Netherlands). Current output was recorded on a 
Yew 3056 pen recorder. The pore size distribution of the filter membranes was 
measured with a Coulter Porometer II (V3B). Electron micrographs were made on a 
CAMSCAN scanning electron microscope (Cambridge Instruments). Confocal laser 
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scan microscopy images were made on a home made instrument (Sensor Group, TNO 
Environmental and Energy Research). 
Preparation of poly(pyrrole) modified membranes 
Pyrrole was chemically polymerized within the pores of Nuclepore or 
Cyclopore membranes in a specially designed reaction vessel (Figure 1). 
Polymerization was achieved with freshly made solutions containing 0.6 M of pyrrole 
and 2 M of iron(III)chloride in distilled water. Membranes with different pore 
diameters were used. The polymerization time varied between 30 s and 10 min, 
depending on the diameter of the pores. In the polymerization experiment the 
membrane separated the pyrrole solution from the oxidizing solution. The reagents 
met in the pores and reacted to give poly(pyrrole). After the appropriate time, the 
polymerization reaction was quenched by rinsing the membrane with distilled water. 
Surface material was removed by carefully wiping the membrane with a tissue. 
The resistance of the composite membranes was measured according to a 
procedure described in the literature. A bed of silver powder served as the auxiliary 
electrode in the resistance measurement. A membrane was placed on this bed and a 
second electrode, consisting of a platinum wire sealed into a 7 mm diameter glass 
tube was placed on top of the membrane. A pressure of 1.3 kg/cm was applied to the 
latter electrode to ensure a uniform contact. The resistance was measured with a Fluke 
model 45 digital multimeter. 
Coating with metal layer 
Platinum was applied to one side of the polymer modified membranes with an 
Edwards sputtercoater S150B. A platinum target of 8 cm diameter and 0.5 mm 
thickness was used as the platinum source. The layer thickness was monitored with 
an Edwards FTM5 unit. The thickness of the platinum layers was varied between 50 
and 350 nm. 
Immobilization of enzyme 
Enzyme immobilization was achieved by agitating (Gyrotory Shaker model G2, 
New Brunswick Scientific, USA) the polymer and platinum containing membranes 
in 3 ml of a phosphate buffered saline solution (pH 7.4) containing 5 mg/ml of GOd 
at a temperature of 4 0 C for at least 0.5 h. The membranes were successively dried 
overnight in a desiccator over СаСІ2. 
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Measurement of enzyme activity 
Enzyme activity was electrochemically assayed with a three electrode cell 
containing 20 ml Diphosphate buffered saline (PBS) pH 7.5, 5 mM of benzoquinone 
and 0.5 M of glucose. Prior to use, the glucose solution was allowed to mutarotate 
for at least 24 h. The assay was performed with a platinum rotating disk electrode (6 
mm 0) equipped with an Electrocraft corporation model E550 motor and E552 speed 
control unit. The platinum working electrode was set at a potential of 0.350 V 
(Ag/AgCl reference) which is the optimum potential for hydroquinone oxidation. A 
platinum working electrode was used, because we found that this metal gave a slightly 
better signal than glassy carbon. The latter material is often applied in the 
literature. " The angular velocity of the RDE was chosen sufficiently high to avoid 
the current response from being dependent on the rotation speed. A rotation speed of 
2000 rpm proven to be an appropriate value. A platinum wire was used as auxiliary 
electrode. The solution was flushed with argon before each experiment. During the 
assay argon was blanketed over the solution. The actual assay was performed by 
monitoring the current output of the potentiostatted RDE while immersing a sample 
membrane into the solution. 
Glucose oxidase activity in solution at various NaCl concentrations was assayed 
spectrophotometrically. The assay was carried out in duplo (50 mM sodium phosphate 
buffer pH 7.7 at room temperature) in an automated assay system (Titertec multiscan 
mcc/340 spectrophotometer) at a wave length of 450 nm. In a 96-well microtiter plate 
each sample was prepared as follows: 0.125 ml of the appropriate NaCl solution in 
buffer was mixed with 0.100 ml of a buffer solution containing 25 mM of 
o-dianisidine, 250 mM of glucose, and ca. 0.6 U/ml of horseradish peroxidase. A 
0.025 ml buffer solution containing 50 mU/ml of glucose oxidase was added, rapidly 
mixed and the microtiter plate was measured immediately hereafter. The average 
extinction over a period of 30 s after the addition of GOd was determined. From these 
measurements the relative glucose oxidase activity of the various samples could be 
obtained. 
Enzyme labeling with fluorescein isothiocyanate 
Glucose oxidase was treated with fluorescein isothiocyanate (FITC) in the 
following way. A 50 mM boric acid solution was adjusted to pH 9 with a 0.2 M solution 
of NaOH. In 5 ml of this borate buffer 1 mg of glucose oxidase was dissolved. A 
solution of 1.5 mg FITC in 5 ml of borate buffer was added to the enzyme solution. 
The reaction was allowed to proceed for two h. at room temperature. Afterwards, the 
reaction mixture was dialyzed in borate buffer for 48 h. at a temperature of 4 0C. The 
dialysis solution was refreshed two times during this period. After dialysis, low 
molecular weight material was separated from the labeled protein by elution with 
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borate buffer on a G-25 column. The protein fraction was collected, cooled to -196 
0C (liquid nitrogen), and dried in high vacuum. The greenish modified protein 
material (0.96 mg) was stored at -20 0C when not used. 
Fluorescein labeled glucose oxidase was used for adsorption to poly(pyrrole) 
microtubules in the same way as the non-treated glucose oxidase. The resulting 
enzyme membranes were imaged with a confocal laser scan microscope in the 
fluorescence mode. 
Amperometiic measurements 
To perform amperometric measurements, the enzyme membrane was placed as 
the working electrode in a three electrode flow cell (Antee Leyden, The Netherlands). 
The metal coated rear of the membrane was pushed against a glassy carbon disk (0 
8 mm). To insulate the active surface of the membrane from the auxiliary electrode, 
it was covered with a Teflon spacer of 1 mm thickness. In the spacer a duct of 0.15 
cm was left, allowing the membrane to make contact with the solution. An Ag/AgCl 
electrode was used as reference electrode. The base of the flow cell acted as the 
auxiliary electrode (glassy carbon). Buffer solution was driven through at 1.75 
ml/min. (Watson Marlow 101U peristaltic pump). The potential of the membrane was 
set at 0.350 V. When the background current had diminished {<. 200 nA), the buffer 
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5 Scanning tunneling microscopy study of 
poly (pyrrole) and of glucose oxidase. A model 
for the electronic interaction between glucose 
oxidase and роіуфуггоіе) in microtubular form 
Abstract 
In this chapter the surface morphology of different forms of the organic conductor 
роіу(руггоіе), which serves as the environment for immobilization of the redox 
enzyme glucose oxidase, is studied. Scanning tunneling microscopy (STM) images 
of роіу(руггоіе) films, obtained electrochemically on highly oriented pyrolytic 
graphite (HOPG), STM images of роіу(руггоіе) microtubules and STM images of 
glucose oxidase molecules adsorbed on a gold facet are presented and discussed. 
The conclusions from this study are: (i) The poly(pyrrole) films, prepared 
chemically or electrochemically, exhibit disordered non-crystalline structures, (ii) 
The dimensions of the poly (pyrrole) surface corrugations in the microtubules and the 
dimensions of the glucose oxidase molecule are of the same order of magnitude, 
allowing strong adsorption of the enzyme to the conducting polymer. Based on these 
data a model for the direct interaction between glucose oxidase and роіу(руггоіе) in 
microtubular form is proposed. 
5.1 Introduction 
Interaction of redox enzymes with bare metal or carbon surfaces is often 
accompanied with large structural changes in the protein structure and concomitant 
loss of enzymatic activity. Therefore, protein electrochemistry is usually performed 
with surface modified electrodes.1 Many research groups have applied organic 
conductors as surface modifiers, " in particular poly(pyrrole). 
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In the previous chapter we showed that glucose oxidase can be immobilized very 
efficiently on a new type of poly (pyrrole), viz. in the form of microtubules. These 
microtubules were synthesized using the pores of a track-etch membrane as 
templates. ' With these microtubules we were able to construct a reagentless 
glucose sensor, which displayed direct electron transfer from the enzyme to the 
conducting polymer. As the microtubular poly(pyrrole) did not contain additional 
redox mediators3·4,12 '15 (neither covalently anchored nor physically adsorbed) the 
intriguing question arises why direct electron transfer takes place. To answer this 
question we have undertaken a scanning tunneling microscopy (STM) study of the 
Figure 1. Photograph of the used STM apparatus. 
two main components of the biosensor, viz. the conducting polymer and the redox 
enzyme. 
For comparison we have also studied by STM the surface morphology of 
poly(pyiTole) electrochemically deposited on a highly oriented pyrolytic graphite 
(HOPG) substrate. The results of these studies are used to propose a model for the 
observed direct interaction between glucose oxidase and the conducting polymer. 
The principle of the scanning tunneling microscope has been explained in Chapter 
2.6. In Figure 1 a photograph is shown of the STM machine that we used. 
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5.2 Results and discussion 
5.2.1. Poly(pyrrole) on HOPG 
Роіу(руітоіе) films on HOPG were electrochemically prepared following the 
method described in the Experimental Section (see also Chapter 2.4.1). The various 
samples we studied were obtained by applying different numbers of electrochemical 
cycles to a HOPG electrode in a solution containing 0.3 M of pyrrole and 0.15 M of 
NaCl. The samples obtained by cycling up to 3 times from 0 to 1 V (vs. Ag/AgCl) at 
100 mV/s, were used to study the initial steps of the polymerization reaction. 
Considering the fact that the onset potential for pyrrole polymerization under these 
conditions is 0.56 V vs. Ag/AgCl (see Chapter 3), the effective polymerization time 
is very short. We estimate it to be 9 s/cycle at most, when the potential is cycled from 
0 to 1 V at 100 mV/s. The polymerization current was limited to 100 μΑ in these 
experiments. The samples which were polymerized for longer times (approximately 
100 s effective polymerization time) were used to study the final surface corrugation 
of роіу(руггоіе) as it is expected to be in the amperometric biosensor described in 
Chapter 4. The thickness of the poly(pyrrole) microtubules walls is approximately 
100 - 200 nm (Chapter 4, Figure 2). The thickness of the electrochemically 
synthesized films is estimated to be of the same order of magnitude as the 
microtubules walls. This estimation is based on the fact that 50 mC of charge per cm 
leads to a film of 100 n m . 8 , 1 6 " 1 9 
Figure 2 shows the STM images of poly (pyrrole) deposited on a HOPG surface 
at the initial stage of the polymerization (after 3 electrochemical cycles). Some 
individual islands are visible in Figure 2a. In Figure 2b the poly(pyrrole) deposit has 
a much more dense structure. These STM images were taken from the same sample. 
Our explanation for the observed different structures is the following. The 
polymerization reaction occurs at numerous mdividual sites on the surface of the 
HOPG electrode. From the locations where the polymer nucleates, the polymer chains 
grow slowly into dome structures. These domes eventually impinge on each other. 
When the number of growth sites increases, the overall structure becomes smoother 
20 21 
and more parallel to the original electrode surface. ' This nucleation and growth 
process for poly(pyrrole) has been reported before. " It is supported by our cyclic 
voltammetry experiments (Chapter 3) which also showed a nucleation and growth 
mechanism for this polymer. 
The dimensions of the islands in Figure 2a are up to 250 nm in lateral directions 
and up to 50 nm in height. The domes which impinge upon each other (Figure 2b) 
are up to several hundreds of nm long and up to 100 nm in height. The structures 
between the islands in Figure 2a are chain-like with a width of 10 nm at the base and 
up to 1 nm in height. These chains are presented at higher magnification in Figure 
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Figure 2. STM images of polypyrrole films deposited on highly oriented pyrolytic graphite (tunnel 
current = 100 pA, tip voltage = -150 mV): (a and b) 800x 800 nm image of a polypyrrole film 
formed in the initial stage of the polymerization. The vertical scale range is 100 nm, (c) 80x80 
nm image of the structures between the islands in (a). 
2c. They seem to exhibit randomly distributed zig-zag structures, in accordance with 
the molecular organization of the films reported by Mitchell et al. We failed to 
obtain atomic or individual molecular orbital resolution of the STM images with our 
samples. In all our measurements, the tunnel current was noisy and trials to scan with 
higher current (the tip closer to the sample surface) led to oscillations or to so-called 
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dragging effects. This means that the STM needle touched the sample material and 
successively moved (part of) the sample molecules over the substrate surface during 
the scanning process. As a consequence, successful STM images could not be 
obtained. 
Figure 3. STM images of a polypyrrole film surface with a thickness corresponding to the 
thickness of the material used in the amperometric track-etch membrane biosensor (tunnel current 
= 50 pA, tip voltage = -150 mV): {a) 50x50 пт^ detail: the vertical full scale is ca. 20 nm, (b) 
10x10 nm^ detail: the vertical scale is ca. 4 nm. 
Figure 3a presents a 50x50 nm STM image of a poly(pyrrole) film with a 
thickness corresponding to the poly(pyrrole) material used in the amperometric 
track-etch membrane biosensor. This image is a representative picture of the structure 
of the poly(pyrrole) layer. It shows rows of poly(pyrrole) chains elongated in one 
preferential direction. The individual chains had various widths and heights. Figure 
3b shows the image obtained at the highest magnification. The structure observed in 
Figure 3b is the same when different scanning directions and speeds are used. This 
picture suggests that two rows, 3 nm wide and 1.5 nm high, are impinging on one 
another. A cross-section of the image height in Figure 3a is given in Figure 3c. Typical 





Figure 3. (Continued) (с) cross-section of the image in Figure 3a taken from the lower-right part 
5.2.2 Glucose oxidase 
Gold facets with adsorbed glucose oxidase molecules were imaged by both SEM 
and STM. The enzyme molecules were deposited in a way as is described in detail in 
the Experimental Section. Solutions with an enzyme concentration of 0.5 and 5 mg/ml 
were used. These two concentrations were chosen in order to obtain samples with a 
low as well as a high surface coverage. On the SEM images the adsorbed enzyme 
layers are clearly visible (Figure 4b & c). The layer has a fuzzy appearance as 
compared to the smooth gold facet (Figure 4a). The latter facet is atomically flat. As 
a result, no structure is visible, both on SEM and STM scale. 
Figures 5a and 5b show the STM line and intensity images of glucose oxidase 
molecules on Au facets. The imaged area is 38x38 nm and the vertical range is 
approximately 3 nm. The picture displays a conglomerate of enzyme molecules. The 
individual molecules are oval shaped with a dimension of 14-18 nm along the long 
axis and 5-8 nm along the short axis. These structures were reproducibly present in 
both scanning directions. Their heights are approximately 1-2 nm. The molecules 
have the appearance of a nng with a 2 nm wall thickness and a small hole in the 
middle. At the present stage in the development of imaging biological molecules by 
STM, it is not possible to draw definite conclusions concerning the dimensions of 
biomolecules.26 How the needle tip interacts with biomolecules is still unknown. 
Therefore, these results must be interpreted with caution. 
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Figure 4. SEM images of glucose oxidase adsorbed on atomically flat gold facets, (a) SEM 
micrograph of the clean gold surface before deposition of glucose oxidase, (b) SEM micrograph of 
the protein layer deposited from a glucose oxidase solution of O.J mglml, (c) idem from a glucose 
oxidase solution of S mglml. 
The lateral dimensions of the observed molecules are in agreement with the 
dimensions obtained from ellipsometry data on glucose oxidase adsorbed on a gold 
electrode. The vertical dimensions of our imaged molecules, however, need some 
further comments. Ellipsometry suggests that the glucose oxidase molecule is an 
ellipsoid with a minor axis of 5 nm long. The vertical value we measured is smaller, 
but we expected this to be so for two reasons. First, it is known from other 
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Figure 5. (a) Line an$ (b) intensity STM images of glucose oxidase molecules adsorbed on a Au 
facet; area 38x38 nm" with vertical scale range ca. 3 nm, tunnel current = 50 pA, tip voltage = 
-І50 mV. The images were taken under ambient-air and high humidity conditions (70%). 
investigations that the interaction between glucose oxidase and gold is very strong. 
This will lead to an irreversible adsorption of the enzyme on the gold surface. During 
this process, the enzyme molecules will slowly change their conformation, exposing 
more and more amino acid groups capable of forming bonds to the gold substrate. 
Figure 6. Top view STM image (36x36 nm ) of glucose oxidase adsorbed on a Au facet (tunnel 




This results m defolding of the tertiary structure and deactivation of the protein. 
Second, the tunneling current is not only dependent on the distance between the tip 
and the sample, but also on the local work function. Therefore, when the tip is 
scanning badly conducting material like proteins, the feedback loop of the instrument 
makes the tip go into the examined surface to keep the tunnel current constant 
(constant current mode). These two reasons lead to STM images that are not fully 
representative for the real tertiary structure of the active enzyme molecule. 
Figure 6 shows an image of glucose oxidase molecules, obtained at a different 
bias voltage of the scanning tip The lateral dimensions remain the same as before, 
but now there is no evidence of a nng structure Our explanation is, that by changing 
the bias voltage (from -150 to -50 mV), different molecular orbitals are observed 
Another unportant factor may be the ambient air humidity This plays an important 
role when biological bulk specimens (generally non-conductive) are imaged. In 
concurrence with reports by Yuan et α/,28 we obtained the most reproducible results 
when the air humidity was high (70%). Imaging at such high humidity led to structures 
with significant vertical dimensions as was visible in the depth profiles (not shown). 
Glucose oxidase on gold was also imaged while placing the tip m a droplet of 
water on the gold surface. In this way we obtained the same results as for imaging at 
high humidity (70%) on a dry gold surface. The samples changed significantly when 
we placed the STM inside a glass bulb, that was flushed with nitrogen. Imaging under 
these conditions led to "dragging effects" {vide supta). The same effects were 
observed when the STM sample was dned in the air after enzyme adsorption (see 
Experimental Section). In this case, the lack of water probably accelerated the 
denaturation process to a great extent. 
5.2.3 P()ly(pyrrole) microtubules 
The poly (pyrrole) microtubules were imaged by SEM as was described in Chapter 
4. The microtubules were isolated by washing away the template membrane with 
dichloromethane. The high electronic conductivity of the microtubules made it 
possible to image them directly without the necessity of coating them first with a gold 
layer The absence of a gold layer offered the opportunity to characterize the samples 
also by X-ray analysis and to detect specific elements. Figures 7a and b show a SEM 
picture of the microtubules and the corresponding X-ray spectrum. The analyzed 
surface in Figure 7b was approximately 10x100 μπι2 and the analysis time was 2500 
s. Under the measurement conditions only elements with atomic numbers larger than 
sodium could be detected and the detection limit for a specific element was ca. 0.1 
wt%. The X-ray spectrum shows the presence of CI as the major element Iron might 
be present in concentrations less than 0 1 wt%. This means that the chloride anion 
acts as the countenon in the conducting polymer as is to be expected from the 
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Figure 7. (a) Scanning electron micrograph of polypyrrole microtubules without a gold coating. 
The polycarbonate template material was washed away with dichloromethane. The pore size of the 
original membrane was WOO nm and the membrane thickness was Π μ/?ΐ. (bj X-ray spectrum of 
the sample of (a) obtained by scanning a surface ofca. J Ox J 00 μ/η' over a period of 2500 s. 
variation in the detected concentration of chlorine. This was confirmed by a spot 
analysis on different locations on the sample. 
The internal surface of the poly(pyrrole) microtubules was studied by STM in a 
way as described in the Experimental Section. To this end a microtubule as used in 
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Figure 8. Schematic drawing showing which part of a polypyrrole microtubule was used for 
imaging by STM. 
the biosensor described in Chapter 4 was cut in half along its cylindrical axis. The 
part of the surface that was imaged is shown schematically in Figure 8. A typical 
micrograph is presented in Figure 9a. The observed area is 80x80 nnr and the vertical 
range is about 30 nm. The surface is strongly corrugated with ditches up to several 
Figure 9. STM images of a cross-section ofapoly(pyrrole) microtubule (tunnel current = 100 pA, 
tip voltage = -500 mV), (a) Detail of 80x80 nm ; the vertical scale range is ca. 40 nm, (b) 40x40 
nm" filtered image (gradient in x-direction). 
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nanometers deep and with corrugated walls as also observed for poly(pyrrole) on 
HOPG (vide supra). Figure 9b shows a filtered image (gradient in x-direction) of 
another location inside the poly(pyrrole) microtubule. Also in this picture the long 
ditches and steps on the surface are clearly visible. These images suggest that the 
inner surface of the poly(pyrrole) tubules is corrugated enough to adsorb glucose 
oxidase molecules. The most interesting feature is that the dimensions of the 
(a) (Â) 
ТсЮ 200 (Â 
Figure 10. Model for the mteraciion of glucose oxidase with poly(pyrrole) microtubules, (a) 
cross-section of the internal surface of a poly(pyrrole) microtubule as measured by STM and a 
drawing of a glucose oxidase molecule having the dimensions as found by STM (Figure 5), (b) 





Figure 10. (Continued) (с) schematwal representation of the electrostatic complex in the 
presence of salt. 
роіу(руітоіе) corrugations match the molecular dimensions of glucose oxidase. If we 
assume that the enzyme molecule is shaped like an ellipsoid or an "8", with the active 
centers in the groove of the "8", the poly(pyrrole) matrix can be imagined to interact 
very well with the active centers of the enzyme. 
The surface interaction between glucose oxidase and poly(pyrrole) most likely 
is electrostatic in nature as poly(pyrrole) in its conducting state is a polycation and 
glucose oxidase is negatively charged at neutral pH. Experimental evidence for this 
electrostatic interaction was presented in Chapter 4. Apparently, the concave structure 
of the tubules is very important. It probably allows the poly (pyrrole) matrix to interact 
with glucose oxidase from different directions. This multi-site interaction may keep 
the enzyme biologically active and at the same time may increase the chance that 
direct electron transfer occurs. ' ' A model for the interaction between glucose 
oxidase and poly (pyrrole) is presented in Figure 10. Figure 10a shows a depth profile 
of a representative STM image of a poly(pyrrole) microtubule. In this figure on the 
same scale also a glucose oxidase molecule is shown. Its dimensions were taken from 
Figure 6. As can be seen, the dimensions of the enzyme molecule and the poly(pyrrole) 
surface corrugation match sufficiently to make a strong interaction feasible. The 
electrostatic charges that are involved are shown schematically in Figure 10b. From 
this model the behaviour of the biosensor under increased salt concentration (Chapter 
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4) can be explained. Increasing the concentration of ions leads to screening of the 
electrostatic charges and results in the suppression of the electron transfer. This 
screening is visualized in Figure 10c Our model also explains why direct electron 
transfer to poly(pyrrole) is more efficient than electron transfer to oxygen. Oxygen 
molecules must diffuse from the bulk solution to the enzyme molecules in the 
microtubules. This is a relatively slow process which cannot compete favourably with 
the probably rapid process of electron tunneling " 
5.3 Conclusions 
We have obtained STM images of poly(pyrrole) films synthesized 
electrochemically under various polymerization conditions on a HOPG electrode. 
The STM images show that electrochemical deposition occurs at numerous and 
isolated sites all over the HOPG electrode surface. Initially, only a few polymerization 
sites are present, which slowly grow into dome structures that impinge on each other. 
The images reveal that electrochemical polymerization of pyrrole proceeds via a 
nucleation and growth mechanism. This is in line with the results obtained from cyclic 
voltammetry experiments (Chapter 3). The роіу(руітоіе) films that are eventually 
obtained, exhibit disordered non-crystalline structures with many ditches up to some 
nm depth and width, and with 1 to 2 nm corrugations on the walls. 
The adsorption of glucose oxidase on atomically flat gold facets has been 
followed by SEM and STM. We have been able to obtain the first clear STM images 
of individual glucose oxidase molecules adsorbed on a gold surface. These molecules 
are oval shaped with a longer axis of 14 - 18 and a shorter axis of 5 - 8 nm. These 
dimensions are in accordance with data obtained in the literature by elhpsometry. 
The thickness of the molecules is somewhat smaller than expected. This can be 
attributed to strong adsorption of the enzyme molecules to the gold surface and also 
to the STM technique itself. 
The STM unages of the роіу(руггоіе) microtubules suggest that the conducting 
polymer inside the tubules has a corrugated structure allowing for strong multi-site 
interaction with the glucose oxidase molecules 
Based on the STM studies a model has been proposed which explains the 
observed direct electronic communication between роіу(руітоіе) and the redox 
enzyme in the biosensor. This model also explains why no denaturation of the enzyme 
occurs. It further accounts for the observed behaviour of the track-etch membrane 




5.4 Experimental section 
SEM images were obtained on a JEOL Τ 300 scanning electron microscope or 
on a CAMSCAN 4DV scanning electron microscope. The X-ray spectrum was 
recorded with a Tracer 5500 X-ray micro-analysis system The STM microscope was 
constructed at the Research Institute for Materials at the University of Nijmegen. It 
was an ambient-air operating machine with a temperature-compensated two-piezo 
tube construction and a differential screw tip approach system. The tip material was 
Pt-Ir and the microscope was used in the constant current mode. The set-up has been 
λ3 34 desenbed m detail elsewhere 
Роіу(руггоіе) was electrochemically deposited on HOPG as described in Chapter 
3 To this end a freshly cleaved graphite surface was introduced mto an aqueous 
solution, containing 0.3 M of pyrrole (Merck) and 0.15 M of potassium chloride. 
Cleaving of HOPG was achieved by placing a piece of adhesive tape on the surface 
and by subsequently removing the tape very carefully In this way a few layers of 
HOPG were removed, leaving a clean and atomically flat graphite surface. The 
electrochemical treatment was a potential sweep from 0 to 1 V versus an Ag/AgCl 
reference electrode The scan rate was 100 mV/s and the current was limited to 100 
μΑ (model CV-1B potentiostat, Bioanalytical Systems) 
Poly(pyrrole) microtubules were synthesized within the pores of Cyclopore or 
Nuclepore® track-etch filtration membranes, according to the procedure desenbed in 
Chapter 4 . 1 0 · 1 1 Membranes with originally 800 and 1000 nm pores were used. The 
polymerization time was 1 mm. 
Isolated poly(pyrrole) microtubules were obtained as follows. A Nuclepore 
polycarbonate membrane with 1000 nm pores was used as a template for the 
microtubules polymerization The template material was subsequently washed away 
by placmg the membrane in a Soxhlet apparatus and extracting for 17 h. usmg 
dichloromethane as a solvent SEM samples of the isolated poly(pyrrole) 
microtubules were prepared by positioning the extracted sample between two graphite 
tablets Because of the high electrical conductivity of the material, it was not necessary 
to apply a conductive coating to the sample 
STM samples of the track-etch membranes, containing the роіу(ругтоіе) 
microtubules, were prepared as follows A small rectangular piece of the membrane 
material was placed on its side on the sample holder and glued down. After drying, 
the membrane was cut with a fresh razor blade as near to the holder surface as possible. 
In this way some of the роіу(руггоіе) tubules within the membrane were cut along 
their cylindrical axis. The part of a microtubule that was imaged is shown 
schematically m Figure 8. 
Glucose oxidase (EC. 1.1 3.4) type II (25,000 U.g" ) from Aspergillus mger 
(Sigma) was adsorbed on gold facets (atomically flat or only mono-atomic steps on 
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the surface) by introducing the latter into a phosphate buffered aqueous enzyme 
solution of pH 7.4 for 67 h. Enzyme concentrations of 5 mg/ml and of 0.5 mg/ml were 
used in the sample preparation. After adsorption, the gold facets were rinsed with 
distilled water. The samples were stored in the refrigerator in phosphate buffered 
saline solution (PBS, pH 7.4) with 10 mg/ml of glucose oxidase present. One sample, 
which was treated with an enzyme solution of 5 mg/ml, was dried in the air. The 
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6 Third generation amperometric biosensor 
for glucose. Poly(pyrrole) deposited within a 
matrix of uniform latex particles as mediator 
Abstract 
Uniform latex particles and agarose gels are utilized to create porous membranes 
in which poly(pyrrole) is electrochemically deposited. Within the pores of these 
modified membranes glucose oxidase can be adsorbed irreversibly while its catalytic 
activity is retained. From the enzyme membrane a glucose sensor is constructed which 
has a considerable lifetime under continuous use. With this sensor glucose can be 
measured amperometrically in the concentration range 1-60 mM. The sensor response 
is independent of oxygen concentration. Evidence is presented that direct electron 
transfer occurs between glucose oxidase and the poly(pyrrole) inside the latex 
membrane. 
6.1 Introduction 
Amperometric biosensors of the so-called third generation are currently 
receiving great interest. These sensors are based on the principle of direct electron 
transfer from a biological receptor or enzyme to a modified or unmodified electrode 
(Chapter 1,2). " Until now, only a few examples of large redox enzymes 
communicating directly with electrodes have been reported. The response current 
in these cases was very low. This poor electrochemistry has been ascribed to the fact 
that the active centers of the enzymes are usually surrounded by a thick, insulating 
protein shell. ' To realize direct electron transfer, it is required to develop an 
electrode material that can penetrate this shell and interact efficiently with the active 
center of the redox enzyme. It has been suggested that ро1у(ругто1е) might be such 
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a material Роіу(руітоіе) has, therefore, been studied by many researchers for this 
purpose with varying success 7·9-13 
In Chapter 4 we described a glucose sensor which contains glucose oxidase 
immobilized in a special type of conducting poly (pyrrole), viz in the form of 
microtubules These microtubules had been synthesized using the pores of a 
track-etch membrane as templates 1 4 " 1 6 We presented evidence that this glucose 
sensor indeed worked according to the principle of direct electron transfer from the 
redox enzyme to the conducting polymer It was shown that the track-etch sensor can 
be used to monitor glucose concentrations continuously for prolonged penods of time. 
This opens the possibility to construct an implantable device, which is of great 
medical interest.17 2 1 Another interesting application may be the use as a disposable 
sensor However, from a technological pomt of view the track-etch membrane 
principle is not suitable for this application Disposable sensors are generally prepared 
by a printing technique, which is not possible with our track-etch membrane. We 
had the idea that uniform latex particles (ULP's) might form an excellent porous 
matrix for роіу(ругтоіе) coating and successive enzyme immobilization This in tum 
could be a way to develop disposable biosensors as the ULP matrix can be applied 
as an ink Printing techniques can than be applied to construct multiple sensors in an 
automated fashion 
23 24 Poly(pyrrole) synthesized in aqueous media ' has a surface structure that is 
very rough and corrugated (see Chapter 5) ' Such an amorphous structure present 
inside the confined space of a ULP matrix could provide a very favourable 
environment for a redox enzyme. In this chapter we will show that our approach 
indeed can be used to construct a stable third generation biosensor, which is able to 
detect glucose in an amperometnc way (Scheme 1, Figure 1). 
glucose - ^ ^ - FAD 
n -Y _ -Y conducting 
2e I enzyme 2 e |
 p o | y m e r 
g l u c o n i c . * ^ ^ * - FADH2 
acid
 L 
solution latex membrane 
Scheme 1. Electron shuttle showing the path of the electrons involved m the enzymatic oxidation 
of glucose 
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Figure 1. (a) Schematic drawing of the biosensor based on poly(pyrrole) incorporated in a latex 
membrane, (b) Photograph of the latex-poly(pyrrole) membrane biosensor. 
6.2 Results and discussion 
Latex membranes were cast on a freshly sputtered platinum surface from an 
aqueous solution, containing the suspended latex particles and agarose. The agarose 
was added to achieve a better fixation between the latex spheres and between these 
'У ft 
spheres and the electrode. After casting, the latex was dried at low temperature to 
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get a uniform layer without cracks on the surface Following drying, the modified 
electrode was given a heat-treatment, which resulted in a very strong layer 
6.2.1 Agarose content 
The amount of agarose present in the latex suspension was varied to determine 
the minimum agarose content required to yield good membranes Latex membranes 
were cast from solutions containing 0 125, 0 100, 0 075, and 0 050 weight% of 
agarose, respectively. An agarose content of 0 125 % led to latex membranes which 
were less accessible for роіу(руітоіе) coating Biosensors constructed from such 
membranes displayed lower activity and very long response times (vide infra). 
Amounts of agarose lower than 0.125 wt% resulted in strong latex membranes which 
could successfully be treated with роіу(руітоіе) The lowest agarose content tested 
(0.050 wt%) still yielded membranes with strong adhesive properties Therefore, in 
the further experiments, latex suspensions with 0 050 weight% of agarose were used. 
6.2.2 Thickness 
Oft 
Thick membranes (ca. 5 μτη) as well as thin membranes (ca. 1 μιη) were 
prepared by using two different latex concentrations (2.5 weight% and 0.5 weight%, 
respectively) in the droplet that was cast on the electrode. The droplet size was kept 
constant In both cases strong and smooth layers were obtained Latex particles of 
two different dimensions (112 and 220 nm diameter, respectively) were tested to 
prepare the membranes. Both particle sizes yielded membranes with intersphencal 
pores in the order of 50-200 nm, as determined by scanning electron microscopy (vide 
nifi a. Figure 2). 
6.2.3 Incorporation of poly(pyrrole) and characterization 
The latex membranes were modified with poly(pyrrole) by means of an 
electrochemical polymerization The polymerization medium consisted of phosphate 
buffered saline (PBS), containing 0.3 M of pyrrole. This medium was chosen because 
enzyme treatment of the poly (pyrrole) modified latex should preferably be performed 
in PBS buffer By using the same medium during polymerization and enzyme 
treatment, exchange of dopant ions in the polymer with the solution was avoided. The 
latter might cause major changes in the conducting properties of the polymer as was 
already mentioned in Chapter 3. The electrochemical polymerization was 
controlled galvanostatically. In this way we were able to vary the amount of 
poly(pyiTole) in the latex membranes by changing the polymerization time. 
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We found that galvanostatic polymerization gave more reproducible results than 
polymerization under potentiostatic control. The latter polymerization resulted in 
non-uniform coating of the latex membrane. Microscopic observation revealed that 
large areas on the electrode surface remained white (clean latex) while other areas 
showed colored spots containing very high concentrations of poly(pyrrole). 
Galvanostatic polymerization at moderate current densities (20 mA/cm ) resulted in 
an evenly spreaded poly(pyrrole) coating of the latex. 
Figure 2. Scanning electron micrographs of 5 \im latex membranes containing 220 nm particles: 
(a) untreated membrane, (b) membrane treated with pyrrole for 15 s: charge dose 300 mC/cm", 
(c) membrane treated with pyrrole for 50 s: charge dose 1000 mClcm'. 
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The amount of charge (currentxtime) in the polymerization reaction was varied 
from 100 to 1000 mC/cm . The blackening of the originally white latex layers was 
proportional to the amount of charge passed. Although only qualitative, this was a 
good indication of the proper polymerization of pyrrole in the matrix of the latex 
particles. 
Scanning electron microscopy was used to image the coated latex membranes 
and to see how the membrane structure changed with polymerization time (Figure 
2a-c). In Figure 2a a very open structure is visible between the spheres that make up 
the bare latex layer. In Figure 2b, the latex particles are coated with a thin layer of 
роіу(ругтоіе) (amount of charge passed is 300 mC/cm ). The internal surface now 
consists largely of poly (pyrrole) but the porous structure is still present. Two uncoated 
latex spheres, which can be used as a reference, are visible on the surface. When the 
latex membrane became coated with large amounts of poly (pyrrole), the porosity of 
the composite layer got lost. This is shown in Figure 2c for a thick latex layer, which 
was treated with poly(pyrrole) for 50 s. As will be shown below no enzyme electrodes 
can be made from these non-porous latex membranes. 
6.2.4 Preparation of the enzyme electrodes and activity assay 
An enzyme electrode was constructed from the poly(pyrrole) modified latex 
membranes by treating these membranes with glucose oxidase. This was achieved by 
agitating the membrane in an aqueous PBS solution, containing the enzyme, for 4 
hours and successively drying overnight. The immobilization procedure was 
conducted at a temperature of 4 0 C . 
The enzyme electrodes were tested separately (i.e. independent of the biosensor 
activity) for enzymatic activity by the rotating disk electrode assay, described in detail 
in Chapter 4. 2 8- 2 9 
In Figure 3 the rotating disk electrode assay is shown for a glucose oxidase treated 
latex-poly(pyrrole) membrane with originally 112 nm spheres. This latex membrane 
was treated with an amount of poly (pyrrole) corresponding to a charge passing of 100 
mC/cm . As can be seen, the current increases immediately after introduction of the 
membrane into the cell. Membranes with 220 nm spheres also showed this behaviour. 
The fact that after withdrawal of the membrane the activity returns to its initial value, 
is an indication that the enzyme is properly immobilized in the pores. Not properly 
immobilized material would have stayed in solution and the slope of the line after 
point 2 in the figure would have been higher. These experiments also showed that 
drying of the membrane after adsorption of the enzyme is essential. Enzyme was 
washed out completely when the membranes were tested for activity directly after 
enzyme treatment. For calibration a freshly prepared glucose oxidase solution, 
containing 0.125 U of the enzyme, was introduced into the electrochemical cell at 
point 5 in the figure. From the resulting rise in current it was concluded that 
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Figure 3. Rotating disk electrode assay of glucose oxidase immobilized on a 5 μτη membrane 
containing 112 nm latex particles (1) & (3) introduction of the latex membrane electrode into the 
cell, (2) & (4) withdrawal of the latex membrane electrode, (5) introduction ofO 125 U of 
glucose oxidase 
approximately 0.2 U of catalytically active glucose oxidase is present in the 
latex-poly(pyrrole) membrane of Figure 3. 
A number of enzyme electrodes based on the latex-poly(pyiTole) composite 
membranes were tested for enzymatic activity with this assay. In Table 1 the results 
Table 1. Enzymatic activity of different composite membranes, as determined by the RDE-assay 
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Enzymatically active membranes are marked (+), non-active membranes are marked (-), (x) = not 
tested. 
thickness of the composite membrane. 
cSize of latex particles used in the composite membrane. 
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are listed for membranes composed of either 112 or 220 nm spheres, containing 
increasing amounts of poly(pyrrole). The poly(pyrrole) content is represented by the 
amount of charge passed in the electrochemical polymerization. It can be seen that 
up to a certain amount of charge enzymatically active membranes are obtained. 
Furthermore, the activity depends on the layer thickness of the membrane and not on 
the size of the particles. The thick layers were able to accommodate more 
poly(pyrrole) before they became unfit for enzyme immobilization. This is not 
surprising as thick layers contain more intersphencal space than thin layers. The 
enzyme is immobilized by physical adsorption and probably forms a monolayer on 
the poly (pyrrole) surface. Thick latex membranes have a larger poly(pyrrole) surface. 
Consequently, a higher enzyme loading is to be expected. The observed independence 
of the enzyme activity on the particle size probably stems from the fact that the 
membranes with 112 and 220 nm spheres have intersphencal pores of approximately 
the same dimensions as was concluded from electron microscopy (not shown). 
6.2.5 Amperometric biosensor 
In order to measure their biosensor activity the enzyme treated composite 
membranes were placed as the working electrode m an amperometnc three electrode 
cell. This cell was part of a continuous flow system (Figure 4), which made it possible 
to switch between a buffer solution and a solution containing the substrate glucose 










Figure 4. Set-up for the continuous flow measurements (a) carrier solution containing phosphate 
buffered saline only, (b) sample solution containing glucose, (c) peristaltic pump, (d) flow cell, (e) 
waste, φ potentiostat, (g) computer, (h) recorder 
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otherwise, all experiments were conducted under an argon atmosphere and with 25 
U/mL of catalase present in all solutions. The latter enzyme was added to eliminate 
any H2O2 accidentally produced by the enzyme due to the presence of oxygen. 
In general, only the electrodes which showed clear enzymatic activity in the 
rotating disk electrode assay (Table 1) were tested as a biosensor. The amperometnc 







































"Response to 5 mM glucose in PBS buffer, (-) = no enzyme activity, (x) = not tested. 
TTiickncss of the composite membrane 
cSize of the latex particles used in the composite membrane 
measurements were performed at apotential of 0.35 V versus Ag/AgCl. Non-specific 
electrochemical glucose oxidation at the platinum surface could in principle occur. 
Therefore, the electrodes were also tested for glucose sensitivity before they had been 
treated with glucose oxidase. No current response could be detected in these cases. 
Enzyme electrodes based on latex membranes of 1 ц т thickness showed a 
relatively low activity (approximately 10 ± 2 nA/mM glucose). However, the dynamic 
range was very good. The response time increased with the amount of charge passed 
during the pyrrole polymerization (Table 2). This response time is defined as the time 
needed to reach 95 % of the steady state current. It was only 12 s for the lowest 
poly(pyrrole) content (charge passed dunng polymerization 100 mC/cm ). When 
more than 400 mC/cm of charge was passed no biosensor activity was found for the 
resulting enzyme treated electrodes. As already mentioned this is probably due to the 
fact that in these electrodes no intersphencal surface is available for enzyme 
adsorption. For composite membranes prepared at 100-300 mC/cm , the biosensor 
activity was virtually equal For one of these membranes (charge passing of 300 
mC/cm ) the activity profile is shown in Figure 5 As can be seen the current response 
to glucose is virtually linear m the range of 0-20 mM. Also shown in Figure 5 is the 
activity profile for a biosensor containing an amount of poly(pyrrole) corresponding 
to 400 mC/cm . The dynamic range of this sensor is much lower. The use of 500 
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Figure 5. Current response ofthm latex membranes (thickness ca 1 \xm, latex particle size 220 
nm), measured at 0 35 V vs AglAgCl under an argon atmosphere m the presence of 25 Ulml of 
catalase Membranes containing poly(pyrrole) deposited at different charge passings (+) 300 
mClcm2, (·) 400 mClcm2 
mC/cm or higher amounts of charge yielded membranes which were enzymatically 
inactive. The enzyme activity assay showed a similar trend (vide supra). No 
significant differences in activity were found when the thin latex membranes 
Figure 6. Current response curves of two glucose sensors, made under the same experimental 
conditions Thickness of latex membrane ta 1 \im, particle size ca 220 nm Poly(pyrrole)was 
deposited at a (.harge dose of 150 mClcm Measured at 035 V vs Ag/AgCl under an argon 
atmosphere with 25 Ulml of catalase present 
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contained 112 or 220 nm spheres. The accessabihty of the membrane to glucose 
oxidase seems to be the critical factor. Once the pores become too small, the enzyme 
cannot penetrate the membrane structure anymore and immobilization does not occur. 
Charge doses smaller than 100 mC/cm were not investigated because the 
polymerization time became too short to get reproducible conditions. Even at low 
current densities (20 mA/cm ), the polymerization time was less than 5 s, which is 
too short to reach a constant current under galvanostatic control. 
The reproducibility of the results was tested on a number of separately prepared 
sensors. In Figure 6 data is shown for two sensors, containing an amount of 
poly(pyrrole) corresponding to a charge dose of 150 mC/cm . The calibration lines 
are very similar, especially at low glucose concentrations. 
Sensors constructed from thick composite membranes (5 μπι), containing 112 or 
220 nm latex particles showed good activities (Table 2) as expected in view of the 
results in Table 1 However, as can be seen in Figure 7 significant differences in the 
absolute current values were measured when the two types of latex membranes (viz. 
with 112 and 220 nm spheres, respectively) contained the same amounts of 
ро1у(руіто1е). In Figure 7a the current response curves are shown for enzyme 
electrodes composed of 112 nm diameter latex particles and amounts of poly (pyrrole) 
corresponding to 200 and 400 mC/cm , respectively. Lower amounts of poly (pyrrole) 
were not tested (see also Table 1). Amounts corresponding to 500 mC/cm2 yielded a 
sensor without activity, although the rotating disk assay had shown that these 
electrodes do contain enzyme (Table 1). Probably this enzyme is not in direct contact 
with the conducting polymer Latex membranes with 220 nm particles and a 
роіу(ругтоіе) deposition corresponding to 500 mC/cm still displayed biosensor 
activity in contrast to the membranes with 112 nm particles (Figure 7b). Higher 
poly(pyiTole) loadings yielded inactive membranes. The optimum in Figure 7b is for 
membranes with an amount of poly(pyrrole) corresponding to a charge dose of 400 
mC/cm . Lower amounts of роіу(ругтоіе) yielded less active and poorly performing 
membranes. 
The maximum activity of the sensors derived from the 5 μπι membranes is 60 ± 
10 nA/mM glucose (calculated from the linear part of the curve for 400 mC/cm in 
Figure 7b), which is higher than the activity of the 1 μηη membranes (10 nA/mM 
glucose). This difference may be explained from the fact that the thick membranes 
have a larger surface of conducting polymer and can load more enzyme 
It should be noted that the response times in Table 2 are slightly dependent on 
the glucose concentration. However, the differences are small, e.g., the difference in 






Figure 7. Current response of thick (ca. 5 μηι) latex membranes, measured at 0.35 V vs. AglAgCl 
under an argon atmosphere with 25 Ulml of catatase present. Membranes containing 112 or 220 
nm particles were treated with pyrrole at various charge doses (a) 112 nm. (+) 200 mClcm , (·) 
400 mC/cm2: (b) 220 nm. (+) 200 mClcm2, (·) 400 mC/cm2, (*)500 mC/cm2. 
6.2.6 Selectivity and lifetime 
The sensitivity of the sensor to fructose, citrate, lactate, urea, uric acid and 
pyruvate was tested separately. No significant response was observed to any of these 
components when they were present at concentrations of 5 mM. Ascorbate (vitamin 
C) interfered strongly when present at 5 mM concentration. However, in real samples 
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30 the ascorbate concentration is usually much lower (e.g. in milk 0.1 mM). Ascorbate 
interference was virtually unimportant at this concentration. 
The current response of freshly prepared biosensors was tested for prolonged 
penods of time. To this end, the sensors were taken up in a flow system, which was 
kept at room temperature The earner stream contained 2 mM of glucose, which was 
continuously measured during this experiment. At fixed intervals (every 24 h) an 
additional amount of glucose leading to л total concentration of 5 mM was introduced 
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Figure 8. Stability of a biosensor under continuous operation For explanation see text 
in the earner stream and the increase in current was measured. In this way we were 
able to eliminate deviations due to baseline dnft. In Figure 8 the activity of a biosensor 
(5 μτη membrane, 220 nm particles, charge dose 400 mC/cm ) to 5 mM glucose is 
plotted as a function of tune. The current response is not stable during the first days 
of the measurement. Probably in the beginning an amount of less firmly bound 
enzyme is slowly washed out. After 3 days, the sensor response remained the same 
for 10 days. This stability is sufficient for disposable applications. 
6.2.7 Effect of oxygen 
The effect of oxygen on the biosensor activity was studied at low potentials (from 
+0.10 to +0.35 V vs Ag/AgCl) in a continuous flow system. No additional electron 
mediators were present. The accidental mediation of electron transfer by free flavin 
molecules can be excluded since any flavin co-factor, dissociated from the enzyme, 
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Figure 9. Current response of a biosensor upon the addition of 5 mM of glucose under different 
conditions Measurement at 0 35 V vs Ag/AgCI Dashed line air saturated solution open to the 
air, solid line argon flushed solution under an argon atmosphere with 25 Ulml ofcatalase present 
operative m the system is oxygen However, we found no significant difference in 
activity when measurements under ambient atmosphere were compared with 
measurements under argon Figure 9 shows a typical plot of the response (at 0 35 V 
vs. Ag/AgCI) under an argon atmosphere using argon flushed solutions (solid line) 
and under ambient atmosphere using air saturated solutions (dashed line). The 
difference is less than 6 %, which is within the range of experimental error. 
Oxygen mediation leads to hydrogen peroxide formation and at sufficiently low 
anodic potentials to a strongly negative response, because the latter molecule is 
catalytically reduced ' In Figure 10 the response of our sensor membrane to 10 
mM glucose is compared with the response of the same membrane to 0.0025 wt% of 
H2O2 at a potential of 0.10 V vs. Ag/AgCI. As can be seen the addition of H2O2 causes 
a large negative current. The addition of glucose leads to a positive current. The 
formation of even the smallest amount of hydrogen peroxide due to enzymatic glucose 
oxidation would have elmunated or probably inverted the current response to glucose. 
Therefore, we may conclude that no significant oxygen mediation takes place in our 
system and that the measured current is due to direct electron transport from glucose 
oxidase to the poly(pyrrole) Taking into account this direct electron transport, the 
working potential (maximum 0 35 V venus Ag/AgCI reference) of our composite 
membrane electrode is very low (see Chapter 7 for a detailed discussion). 
Poly(pyiTole) is electroactive in its oxidized state and the charge earned by the 
conducting polymer can be cycled repetitively (see Chapters 2 & 3) The confined 
space m the intersphencal pores of the latex membrane apparently bnngs the active 
/" 
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centers of the enzyme molecules in close contact with the conducting polymer. An 
analogous situation was observed for the track-etch membrane biosensor described 
in Chapter 4. 
We found that drying after enzyme treatment of the latex-poly(pyrrole) membrane 
is essential for both the immobilization of the enzyme and the process of direct 
electron transfer. Water is likely to be a competing species for the enzyme with regard 
Figure 10. Current response of a membrane containing 220 nm latex particles and poly(pyrrole) 
deposited at a charge dose of 200 mC/cm2. Measuring potential 0.10 V vs. Ag/AgCI. (a) JO mM of 
glucose, sensor open to the air, (b) 0.0025 wt% of aqueous hydrogen peroxide. 
to adsorption on the polymer surface. When water is removed by evaporation, enzyme 
adsorption is favoured.34 Electrostatic interactions may play an important role in the 
immobilization process. Роіу(руітоіе) in its conducting state is a polycation 35 
36 Glucose oxidase at neutral pH has at least 10 negative charges on its surface 
Because of these features the electroactive sites on the conducting polymer can be 
expected to interact strongly with the enzyme, thereby making direct electron transfer 
a favourable process. 
63 Conclusions 
We have shown that amperometric glucose sensors can be constructed from 
poly(pyrrole) modified latex membranes that are cast on a platinum electrode. 
Adsorption of glucose oxidase on the poly(pyrrole) surface within the pores of the 
membranes leads to immobilization without loss of enzymatic activity. Evidence is 
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presented which suggests that in the biosensor direct electron transfer occurs between 
glucose oxidase and the conducting polymer. The absence of H2O2 production and 
the stabilization of the enzyme in the pores of the composite membrane result in a 
device that has a considerable lifetime under continuous use. 
In analogy with the track-etch sensor (Chapters 4 and 5) a completely different 
mechanism for the enzyme catalyzed glucose oxidation is expected when electron 
transfer via oxygen mediation is replaced by direct electron transfer. This will be 
further evaluated in the next chapter for both the track-etch membrane sensor and the 
latex membrane sensor. 
6.4 Materials and methods 
Glucose oxidase (E.C. 1.1.3.4) type II (25,000 U/g) from Aspergillus niger and 
catalase (E.C. 1.11.1.6, 2800 U/mg) from Bovine liver were obtained from Sigma. 
Benzoquinone was from Aldrich (FRG) and was sublimed prior to use. Pyrrole was 
from Merck and was distilled before use. Latex suspensions with particles of 112 and 
220 nm were obtained from Perstorp analytical. Agarose type VIII was purchased 
from Sigma. All other reagents were of analytical grade. 
The galvanostat was a home-built instrument (see Chapter 3). Its current output 
was monitored with a Fluke 45 digital multimeter. Electrochemical measurements 
were performed with an Antee CU-04-AZ control unit (Antee Leyden, The 
Netherlands) or with an Autolab potentiostat controlled by an Olivetti M24 Personal 
Computer and General Purpose Electrochemical System (GPES)-software (Eco 
Chemie, Utrecht, The Netherlands). Current output was recorded on a Yew 3056 pen 
recorder. Electron micrographs were made on a CAMSCAN scanning electron 
microscope (Cambridge Instruments). 
Platinum coating 
Glassy carbon disks of 8 mm diameter (Antee Leyden, The Netherlands) were 
used as the base electrode. The electrodes were polished with Alpha Micropolish 
Alumina No. 1С (1.0 micron, Buehler LTD., U.S.A.). Platinum was applied on the 
polished surface with an Edwards sputtercoater S150B. A platinum target of 8 cm 
diameter and 0.5 mm thickness was used as the platinum source. The layer thickness 
was monitored with an Edwards FTM5 unit. Sputtering was continued until the 
thickness of the platinum layers was 300 nm. 
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Preparation of the latex membranes 
Agarose type VIII was dissolved by boiling the appropriate amount (0.1 or 0.25 
wt%) for two min. in distilled water. Freshly made solutions, which were still hot, 
were used to make the latex membranes. A certain volume of the agarose solution 
was mixed thoroughly with an equal volume of the latex suspension. A 75 μΐ droplet 
was applied on a freshly platinum sputtered glassy carbon disk. After application, the 
electrode was placed overnight in the refrigerator. The dried latex electrode was 
subsequently heated in an oven at 60 0 C for one h. 
Incorporation of poly(pyrrole) 
Latex electrodes were sealed with Teflon tape in such a way that only the latex 
surface made contact with the polymerization medium. A PBS buffer solution (pH 
7.4) containing 0.3 M of pyrrole was used in the polymerization reaction. To allow 
the solution to penetrate the membrane sufficiently the latex membrane was placed 
in the solution for at least one min. before polymerization was started. Subsequently, 
a constant current (20 mA/cm ) was supplied to the cell for the appropriate amount 
of time. A platinum plate acted as the counter electrode. After polymerization the 
electrodes were rinsed with PBS buffer. 
Immobilization of enzyme 
Enzyme immobilization was achieved by agitating (Gyrotory Shaker model G2, 
New Brunswick Scientific, USA) the composite membranes in 3 ml of 5 mg/ml of 
glucose oxidase at a temperature of 4 0 C for 4 h. The membranes were subsequently 
dried overnight over СаСІ2 in a desiccator. 
Enzyme activity assay 
Enzyme activity was assayed with a three electrode cell containing 5 mM of 
benzoquinone and 0.5 M of glucose in 20 ml of PBS buffer, pH 7.4. Prior to use, the 
glucose solution was allowed to mutarotate for at least 24 h. The assay was performed 
with a platinum rotating disk electrode (6 mm 0 ) equipped with an Electrocraft 
corporation model E550 motor and an E552 speed control unit. The platinum working 
electrode was set at a potential of 0.350 V (Ag/AgCl reference) and was rotated at a 
speed of 2000 ipm. A platinum wire was used as the auxiliary electrode. The solution 
was flushed with argon before each experiment. During the assay argon was blanketed 
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over the solution. The actual assay was performed by monitoring the current output 
of the RDE while immersing a sample membrane into the solution. 
Amperometric biosensor measurements 
To perform amperometric measurements, the enzyme membrane was placed as 
the working electrode in a three electrode flow cell (Antee Leyden, The Netherlands). 
To insulate the active surface of the membrane from the auxiliary electrode, the former 
was covered with a Teflon spacer of 1 mm thickness. In the spacer a duct of 
approximately 0.15 cm was left, allowing the membrane to make contact with the 
solution. An Ag/AgCl electrode was used as the reference electrode. The base of the 
flow cell acted as the auxiliary electrode (glassy carbon). Buffer solution was driven 
through the cell at a rate of 1.75 ml/min. (Watson Marlow 101U peristaltic pump). 
The potential of the membrane was set at 0.350 V. When the background current had 
been diminished sufficiently, the buffer solution was replaced by the glucose solution 
and the current response was monitored. 
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7 Kinetic study of the performance of the 
biosensors 
7.1 Introduction 
In the previous chapters two novel biosensor systems were described, viz. the 
track-etch membrane sensor and the latex-poly(pyrrole) membrane sensor. These 
membrane sensors contain a microporous matrix in which the conducting polymer 
polyCpyrrole) is deposited. It was shown that m the modified matrix glucose oxidase 
can be immobilized by physical adsorption while retaining its activity. The resulting 
systems displayed excellent sensor properties, which -amongst others- were ascribed 
to the fact that the redox enzyme transfers its electrons durectly to the conducting 
matrix. 
This chapter deals with a kinetic study of the performance of the two 
above-mentioned biosensor systems. The kinetics of the oxidation of glucose by 
glucose oxidase m homogeneous aqueous solution has been studied in detail in the 
literature. Molecular oxygen is the electron acceptor in this case. The reaction 
involves seven steps (eqns. 1-5) Four steps are related to the oxidation of glucose 
and the dissociation of the product complex. Three other steps bear upon the binding 
of molecular oxygen, its conversion into hydrogen peroxide, and the dissociation of 
the latter molecule from the enzyme This part of the sequence transfers the reduced 
enzyme back to the biologically active state 
ki 
Eox + S • EoxS • EredP (1) 
k2 




ЕохШОг Εοχ + Η2θ2 (5) 
In eqns 1-5 Eox and Ered are the oxidized and reduced forms of glucose oxidase, S 
is ß-D-glucose and Ρ is D-gluconolactone. In the track-etch and latex-polyCpyrrole) 
membrane sensors oxygen mediation does not occur Reoxidation of reduced enzyme 
takes place by electron transfer to the conducting polymer Equations 4 and 5 are no 
longer valid in our case. They are replaced by the single step: 
кб 
Ered + ppox • Eox + ppred (6) 
where ppox and ppred represent the oxidized and reduced states of poly(pyrrole), 
respectively The constant кб is the heterogeneous electron transferrate constant. Due 
to the presence of an oxidizing potential, electroactive sites on the conducting polymer 
that are reduced by the enzyme, are immediately reoxidized. 
7.2 Results 
We determined the apparent kinetic parameters of glucose oxidase m our sensors 
under steady-state conditions. This means that the current response due to varying 
concentrations of glucose is measured under conditions where the bulk substrate 
concentration does not change in time A Michaelis-Menten equation of the following 
form was used 
fmax[S] ,_. 
iss = —; (7) 
KM + [S] 
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where iss is the measured steady-state current and imax is the maximum catalytic 
current of the sensor The biosensors operate under conditions where internal 
diffusion limitation of substrate may be significant. Therefore, only apparent К м 
values (denoted by Км ) are determined. The maximum current, imax. may vary from 
sensor to sensor Its value depends on the enzyme loading, the available surface, and 
the amount of biochemically active enzyme. Therefore, imax is not an intrinsic 
parameter of the immobilized enzyme. 
7.2.1 Effect of glucose 
The biosensor was placed as the indicator electrode in a three electrode flow cell. 
The applied potential was 0 35 V versus Ag/AgCl. The measurements were conducted 
under an argon atmosphere using argon flushed solutions. AU solutions contained at 
least 20 U/ml catalase to destroy any accidentally produced hydrogen peroxide Any 
response current observed upon the addition of glucose was presumed to result from 
direct electron transfer between the enzyme and the conducting polymer. * The 
concentration of glucose was varied between 0 and 100 mM. We observed that the 
biosensors did not respond reliably to concentrations higher than 60 mM. Figure 1 
shows the steady-state current as a function of the glucose concentration for a 
representative track-etch membrane electrode and a latex-poly(pyrrole) membrane 
electrode. Lineweaver-Burk plots of the data are given in Figure 2a and 2b. The kinetic 
parameters were calculated using three different procedures, viz. the 
Lineweaver-Burk, Hanes-Woolf, and Wilkinson procedure. All three gave the 
same results The parameters are summarized m Table 1 For companson, in Table 1 
also literature values for free and for immobilized glucose oxidase are given These 
literature values show a great discrepancy. Despite this, we may conclude that our 
values for Км are significantly lower than those reported in the literature 
7.2.2 Effect of applied potential 
The biosensor response in the glucose concentration range of 0-20 mM was 
determined at various potentials versus Ag/AgCl. The measurement conditions were 
the same as described above A representative result for the track-etch membrane 
sensor is presented in Figure 3. The latex-poly (pyrrole) membrane sensor gave similar 
* 8 
We encountered one publication in which а Км for glucose of 11.5 mM is mentioned The 
authors claim that their Км -value is an order of magnitude larger than the Км for the solubilized 
9 ' 
enzyme (Км = 33 mM ). As Uns claim is not consistent with the Км -value given, we believe that 
the reported value of 11 5 mM is incorrect 
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Glucose oxidase in track-etch 
membrane sensor 
Glucose oxidase in latex 
membrane sensor 
Glucose oxidase entrapped in 
poly(pyiTole) 
Idem 
Glucose oxidase covalently bound 
to glassy carbon 
Free glucose oxidase 
Idem 
Idemb 
KM or K M / 
mM glucose 
14.7 ± 0.8a 
15.7 ± 2.2a 
11.2 +0.4 a 
10.9 ± 0.2a 







3.05 ± 0.07a 
4.1 ± 0.3a 
1.13 ± 0.02a 
1.12±0.3a 
7.2 ± 0.06 
4.3 










"Values for independently prepared electrodes. Standard errors as calculated by the Wilkinson 
method.? 
Measured at 0 0C. 
cMaximum velocity. 
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Figure 1. Plot of the steady-state current measured at 0.350 V (vs Ag/AgCl) as a function of 
glue ose concentration f + ) Track-etch membrane with 800 nm pores, treated with pyrrole/FeCfa 
for J mm , (·) Latex membrane ofapprox 5 μτη thickness (220 nm beads), electropolymerized 
with pyrrole using an amount of charge corresponding to 400 mC/cm2 The membranes were 
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Figure 2. Lineweaver-Burk plots of the curves shown in Figure 1. (a) track-etch membrane, (b) 
latex poly(pyrrole) membrane. The solid lines are least squares fits of the data points. 
response curves. In order to establish whether the biosensor response is predominantly 
limited by substrate transport or by interfacial dynamics at the electrode, 
Tafel-plots1 3·1 4 of the data points were made. The results for the track-etch membrane 
Figure 3. Steady-state currents for the track-etch membrane biosensor of Figure 1, measured at 
various potentials vs. Ag/AgCl and at various glucose concentrations, (a) 0.10 V; (b) 0.15 V; (c) 
0.20 V; (d) 0.30 V; (e) 0 35 V. Measurements were performed under an argon atmosphere and 
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Figure 4. Tafel plots of the data points in Figure 3; (+) 2 J mM glucose; (·) 20 mM glucose. 
sensor at glucose concentrations of 2.5 and 20 mM are shown in Figure 4. As can be 
seen in this figure Tafel-like behaviour is evident at low potentials (straight lines 
drawn through the data points), but not at high potentials (see also Discussion). 
7.2.3 Effect of pH and temperature 
The pH dependence of our biosensors was determined at a glucose concentration 
of 2 mM. This relatively low concentration was chosen to avoid local variations in 
acidity due to the enzymatic production of gluconic acid. The result for a 
latex-poly(pyiTole) membrane sensor (220 run beads, 5 μιη thick, poly(pyrrole) 
deposition using a total charge dose of 400 mC/cm ) is given in Figure 5. The other 
latex-poly(pyrrole) membrane or track-etch membrane sensors gave similar profiles. 
For comparison, in Figure 5 also a pH curve from the literature is given. It represents 
glucose oxidase entrapped in a роіу(руітоіе) matrix during electrochemical 
immobilization. ' 
The temperature dependence of the biosensors was determined by measuring the 
steady-state current due to the addition of a fixed amount of glucose (1 mM) in the 
temperature range 4-45 C. In Figure 6a the resulting temperature profile is shown 
for a track-etch membrane sensor. As can be seen the response of the sensor increases 
monotonically from 4 to 37 0 C and then decreases. This behaviour was found to be 
reversible. An Airhenius-like plot of the data from Figure 6a is shown in Figure 6b. 
The following relation was used to calculate the activation energy (Ea) from the data: 
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Figure 5. (+) The current response of a latex-poly(pynole) membrane biosensor at various pH's. 
The latex membrane was approx. 5 μ™ thick and prepared from 220 nm beads. 
Electropolymerization with pyrrole was performed using a total charge dose of 400 mC/cm . After 
polymerization the membrane was treated with 5 mglml glucose oxidase for 4 h. The response to 2 
mM glucose was measured at a potential of 035 V (vs. Ag/AgCl) either in citrate/phosphate or in 
borate buffer, depending on the pH. (·) pH curve of glucose oxidase entrapped in poly(pyrrole) 
from reference 2. 
-E
a ln(i) = " ^ г + constant (8) 
For the track-etch membrane sensor Ea amounted to 41 kJ/mole; for the latex-
poly(pyrrole) membrane sensor a value of Ea = 44 kJ/mole was obtained. These 
activation energies are similar to those reported by others for glucose oxidase 
entrapped in роіу(ругтоіе) (see Discussion).10 
7.2.4 Lifetime 
The lifetime of the two biosensors was evaluated under conditions of continuous 
operation at room temperature as described in Chapters 4 and 6. A concentration of 
2 mM glucose was continuously measured during the experiments. At fixed times a 
glucose concentration of 5 mM (latex sensor) or 10 mM (track-etch sensor) was 
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Figure 6. Steady-state current response of a track-etch membrane biosensor as a function of 
temperature (a) Track-etch membrane with originally 800 nmpores, treated with pyrrole/FeCI} 
for J mm The membrane was ine ubated with 5 mglml glucose oxidase for 0 5 h, (+) first 
temperature experiment, C) second experiment after cooling the system to 15 С (b) Arrhenius 
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Figure 7. Stability plots of the biosensors at continuous operation (2 mM glucose) under ambient 
atmosphere The activity of the sensors was measured by introducing an additional amount of 
glucose to the carrier stream (see text), (+) 800 nm track-etch membrane sensor treated for one 
mm with pyrrole/ FeCls and subsequently incubated with 5 mglml glucose oxidase for OS h, (*) 
220 nm beads latex-poly(pyrrole) membrane ofapprox 5 \im thickness electropolymenzed with 
pyrrole using a total charge dose of 400 mC/cm2. the membrane was treated with 5 mglml glucose 
oxidase for 4 h 
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way we were able to account for the baseline drift that could occur during the 
experiments A representative lifetime curve for both sensors is given in Figure 7 
7.3 Discussion 
The immobilized glucose oxidase m our biosensors obeys Michaehs-Menten 
kinetics Table 1 shows that the apparent Michaehs-Menten constant Км (entrance 
1 and 2) is lower than KM(giucose) for glucose oxidase in a homogeneous, air-saturated 
solution (entrance 6-8). ^  As a first tentative conclusion we may say that this low 
KM -value suggests that the matrix of our sensor electrodes is not covered with a 
multilayer of enzyme Such a multilayer of immobilized enzyme would have imposed 
major diffusional restrictions on substrate transport and this would have been 
manifested as a significantly increased apparent Michaehs-Menten constant as 
compared to the free enzyme 1 * The decrease in Michaehs-Menten constant suggests 
that the reaction rate is partly limited by interfacial dynamics: electron transfer from 
the enzyme to the conducting polymer is probably rate determining in the total 
reaction sequence (see Chapter 2, eq 14c) l5"!? This conclusion is supported by the 
results from the experiments earned out at different electrode potentials (Figures 3 
and 4). At low potentials (100-200 mV versus Ag/AgCl) a Tafel-like behaviour 
(Chapter 2) is observed both at low and high glucose concentrations This is 
characteristic for a reaction sequence in which a heterogeneous electron transfer step 
at the electrode (see equation 6) is rate controlling At higher potentials (250-350 mV 
vs Ag/AgCl) a deviation from this Tafel-behaviour occurs (Figure 4), indicating that 
electron transfer is facilitated due to the higher overpotential13 When the potential 
is sufficiently high, e g , 0 35 V vs Ag/AgCl, the reaction is controlled by a 
combination of substrate transport limitation (vide infra) and Michaehs-Menten type 
enzyme kinetics This leads to the desired situation for a properly functioning 
biosensor membrane as was discussed in Chapter 2 (see also Figure 12 of Chapter 2). 
The Lineweaver-Burk (Figure 2) and Hanes-Woolr (not shown) plots of the 
data revealed that at high glucose concentrations a deviation from linearity occurs 
This indicates that mtemal mass transport of glucose is limited at these high 
concentrations (see also Chapter 2, eq 14b). The result is that the concentration of 
glucose near the surface of the biosensor is lower than in solution, leading to a smaller 
current response 
Thus, two rate limiting processes probably take place at the same time in our 
biosensors First, substrate transport limitation is unposed by the membrane structure, 
leading to a moderate increase оіКм • Under normal operating conditions (E = 0.35 
V) this limitation becomes detectable at high substrate concentrations Overruling 
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this effect, however, is a second process, viz. the interfacial dynamics governing the 
transport of electrons to the electrode. This causes a substantial decrease in Км • 
Such a lowering oí Км has also been observed in first-generation biosensors, i.e., 
sensors in which molecular oxygen is the electron acceptor. Glucose oxidase reacts 
very fast with this second substrate, the second-order rate constant is 1.26 χ 10 
M"1.min."1 at 15 0 C. Because of this, oxygen is easily depleted at the surface of the 
matrix in which glucose oxidase is immobilized, leading to a decrease in apparent 
KM(glucose)·11'19 
At this moment the question arises how the interfacial electron transport can still 
be so effective that it competes successfully with electron transport to molecular 
oxygen. We believe that the active centers of the immobilized glucose oxidase 
molecules can be thought to be electrically wired to the oxidizing electrode by the 
роіу(ругтоіе) matrix.20 The mediating moieties, viz. the redox active sites on the 
conducting polymer, transport the electrons over a very short distance (< 5 run, see 
Chapter 5). In addition, the conducting polymer can cycle the redox state of its 
electroactive sites with high electrochemical efficiency. This creates a fairly 
constant surface concentration of sites able to communicate with the active centers 
of glucose oxidase. Molecular oxygen, on the other hand, has to diffuse from the bulk 
solution into the biosensor membrane over a fairly long distance (normally in the 
order of 5 - 10 μιη) before it can bind to the enzyme and accept electrons. Oxygen, 
therefore, cannot compete effectively with the роіу(руітоіе) molecules for 
regenerating the reduced enzyme molecules. 
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"Glucose oxidase from A. niger 
Electrochemical entrapment 
CTTF = tetrathiofulvalene, TCNQ = tetracyanoquinodimethane 
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The optimum pH-value for glucose oxidase in the two biosensors is higher than 
the value for the free enzyme in solution (Table 2) ' We tentatively attribute this 
shift m optimum pH to the different process of reduced enzyme regeneration in our 
systems, which is expected to lead to the production of excess protons Also 
contributing to the shift in optimum pH could be the effect of the immobilization 
matrix itself Such an effect has actually been found for glucose oxidase immobilized 
on various materials, e g , carbon fibre,24 graphite, and activated carbon (see Table 
2) The most interesting result is that the optimum activity of our sensor systems 
ranges over approximately 1 pH unit, in contrast to what is found for other sensors 
(Figure 5) 2,8,22,24 Tfjjj
 m e a n s
 that the enzyme has become relatively insensitive to 
(small) changes in bulk pH Apparently, the poly(pyrrole) matrix creates a 
microscopic environment that stabilizes the response with respect to variations of pH 
in the bulk solution 
The temperature dependence of the biosensor response, as shown in Figure 6a, 
shows a maximum around 37-40 С and then decreases. This behaviour has been 
reported before in the literature for glucose oxidase immobilized in poly(pyrrole) 
However, in our case this effect is reversible, suggesting that it is not caused by 
enzyme denaturation. The decrease in response can probably be attributed to a change 
in the protein structure, making the enzyme less catalytically active with respect to 
its substrate glucose 28 The activation energies that have been calculated from the 
temperature dependent data (41 and 44 kJ/mole for the track-etch membrane sensor 
and the latex-poly(pyiTole) membrane sensor, respectively, see Results) agree nicely 
with the value reported by Portier et al for glucose oxidase entrapped in a 
роіу(ругтоіе) film (41 kJ/mole) At this stage it is not justified to draw conclusions 
from the temperature experiments with regard to the reaction mechanism. It can be 
said, however, that the catalytic action of glucose oxidase m our systems has not 
altered significantly compared to other systems m which роіу(руггоіе) is used as the 
immobilizing matrix In addition to this, we find that our matrices stabilize the enzyme 
molecules at higher temperatures 
7.4 Concluding remarks 
Our kinetic analysis of the track-etch membrane and latex-poly(pyrrole) 
membrane biosensors has shown that the measurement potential is an important 
parameter In Chapter 2, it was explained that for a proper biosensor performance it 
is required that mass transport, electron transport, and enzymatic conversion of 
substrate are m balance The electrical potential of the sensor electrode strongly 
affects this balance When this potential is low (less than approx. 0.2 V vs. Ag/AgCl) 
the rate of the enzymatic reaction becomes too low as compared to the rate of substrate 
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transport. It is reasonable to conclude that reoxidation of the reduced enzyme is the 
rate limiting process at these low potentials (eq. 6, page 118). The curves in Figure 3 
and 4 support this conclusion. When the potential is sufficiently high, substrate 
transport and the steps involved in enzymatic conversion of substrate become rate 
determming. As a consequence, biosensors operating at an appropriate potential can 
be described by equation 14b of Chapter 2 and they will display a more or less linear 
behaviour of the current on the substrate concentration over a considerable range. 
The curve found for our biosensors is rather similar to the predicted response curve 
a in Figure 12 of Chapter 2. ' When the sensor is operating at the right potential 
small variations in the amount of enzyme will not affect the current response. As long 
as the amount of catalytically active enzyme is high enough to create a condition 
where substrate transport is rate controlling, a constant sensor response will be 
obtained. When enzyme denaturation occurs, this will not immediately be reflected 
in the current response. Only when denaturation has proceeded to such an extent that 
the amount of active enzyme inside the sensor becomes rate determming, the response 
suddenly drops. ^ W 1 This is what is actually found for our biosensor systems (Figure 
7). It is in accordance with the remarks in Chapter 2 about biosensor lifetime. 
The lifetime of the latex-poly(pyrrole) membrane sensor is significantly lower 
than the lifetime of track-etch membrane sensor. This is a result of the lower 
mechanical stability of the latex membrane. The continuous flow of solution which 
is passed over the sensor during the lifetime measurements slowly degenerates this 
membrane. 
7.5 Materials and methods 
The construction of the biosensors was described in detail in Chapters 4 and 6. 
When not in use, the sensor membranes were stored in Oxysept 2 (Allergan Benelux, 
The Netherlands) to preserve them and to avoid bacterial or fungal contamination. 
Glucose oxidase (E.C. 1.1.3.4) type Π (25,000 U/g) from Aspergillus niger and 
catalase (E.C. 1.11.1.6, 2800 U/mg) from Bovine liver were obtained from Sigma. 
Phosphate buffered saline (PBS, pH 7.4, 10 mM phosphate) was made in distilled 
water which was filtered over a microfiltration membrane (Millipore). The PBS buffer 
solution was sterilized after preparation. Before use, 4 Omnicare® tablets (Allergan 
Benelux, The Netherlands) were added to every liter of buffer solution. In this way, 
at least 20 U/ml catalase were present beforehand in all preparations made with PBS. 
All other reagents were of analytical grade. 
Electrochemical measurements were performed with an CU-04-AZ 
electrochemical controller (Antee Leyden, The Netherlands). This apparatus allowed 
for current off-sets up to 1000 nA. After filtering (RC time 2 s), the current output 
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was recorded on a Yew 3056 pen recorder. For the activity measurements, the enzyme 
membrane was placed as the working electrode in a three electrode flow cell (AMOR 
flow cell, Antee Leyden, The Netherlands). Specific details were described in 
Chapters 4 and 6. An Ag/AgCl electrode was used as the reference electrode. The 
base of the flow cell (glassy carbon) acted as the auxiliary electrode. PBS buffer 
solution was driven through the cell at a rate of 1.75 ml/min. using a Watson Marlow 
503S 4 channel peristaltic pump. The potential of the membrane was set at the desired 
value by means of the electrochemical controller. During the measurements, the 
buffer solution was replaced by a glucose solution and the current response was 
monitored. 
The current response to glucose (concentration 2 mM) as a function of pH was 
determined by using the appropriate buffer salts and adjusting them with hydrochloric 
acid (2N) or sodium hydroxide (IN) to the desired pH value. Buffer solutions of 10 
mM sodiumphosphate/citric acid, 10 mM sodiumtetraborate/HCl, and 10 mM 
sodiumtetraborate/NaOH were used to cover the pH range 2.6-9.6. АД buffers 
contained 0.15 M NaCl. The pH of the buffers and of the resulting glucose solutions 
was measured with a Metrohm 691 pH Meter. 
The temperature measurements were performed in a thermostatically controlled 
water bath (Julabo U3, Julabo Labortechnik GMBH, West Germany). The flow cell 
was isolated from the water by the application of a layer of grease (Glisseal ) (Borer 
Chemie AG, Switzerland). For the measurements at temperatures below room 
temperature crushed ice was added. The cell was incubated at the various 
temperatures for at least 15 min. before the steady-state current response to a 1 mM 
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8 Highly stable first generation glucose sensor 
utilizing latex particles as the enzyme 
immobilizing matrix 
8.1 Introduction 
In Chapter 6 we described how uniform latex particles (ULP's) can be used to 
construct a so-called third-generation biosensor. These particles were deposited on 
an electrode and coated with a thin layer of the conducting polymer poly(pyrrole). 
The роіу(руггоіе) matrix was found to adsorb glucose oxidase and the resulting 
enzyme electrode could detect glucose without the need of an additional mediator. In 
this chapter we will show that latex particles themselves can also act as medium for 
immobilizing enzymes. " Furthermore, we will show that they can be applied to 
construct a first-generation biosensor that competes favourably with other 
first-generation biosensors reported in the literature.4"8 
Latex polystyrene particles with sub-micron diameter are normally produced by 
emulsion polymerization in water. They are mildly hydrophobic and carry a negative 
surface charge, because of the presence of sulphonate groups. Enzymes can be 
adsorbed physically on these particles. However, this adsorption is reversible and 
leakage of enzyme is encountered very frequently. Special ULP's with functional 
groups on the surface have been developed to overcome this problem. These 
functional groups allow for covalent attachment of the biomolecule to the surface of 
the latex beads. These functionalized beads, however, are very expensive. 
Immobilization of glucose oxidase onto latex beads has been reported before in 
the literature and it has been suggested that the enzyme-loaded latex might be used 
as a biosensor. Until now, however, the construction of a mechanically stable 
first-generation biosensor from these beads has been impossible. We have found that 
stable membranes of uniform latex particles can be obtained if mixtures of latex and 
agarose are used to deposit the membrane (see Chapter 6). This finding opens the 
possibility to develop a stable sensor device, as will be described in this chapter. The 
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device relies on the reaction of glucose oxidase with its natural co-substrate molecular 
oxygen: 
Glucose + O2 * gluconolactone + H2O2 (1) 
The enzyme-catalyzed conversion of glucose produces hydrogen peroxide which can 
be detected by oxidation at the electrode on which the latex layer is deposited. 
8.2 Results and discussion 
8.2.1 Construction of the latex electrodes 
Glassy carbon (GC) electrodes were used as the basic electrode material On these 
GC electrodes a thin layer of platinum was deposited. The latex layers were prepared 
from 112 and 220 nm latex particles A droplet of a 75 μΐ aqueous latex suspension 
(0 125 wt% latex and 0 050 wt% agarose) was applied on the electrode surface and 
dned at 4 0 C The dned membranes were either used as such or first heat treated at 
60 0 C for 1 hour This yielded latex layers of approximately 5 μτη thickness. 
In Figure 1 scanning electron micrographs of the resulting latex membranes are 
presented The images show a regular pattern of closely-packed polystyrene spheres. 
8.2.2 Immobilization of glucose oxidase 
Different methods were evaluated to prepare latex membranes showing glucose 
oxidase activity In general, membranes that were not thermally treated were 
unsuitable to immobilize glucose oxidase. The stability of these membranes was not 
high enough to withstand the enzyme treatment First, we tned to cast membranes 
from suspensions of latex beads, that also contamed dissolved glucose oxidase This 
procedure yielded very irregular and unstable membranes which could not be used 
Secondly, we treated the latex membranes with a small droplet (50 μΐ) of the enzyme 
solution The droplet was allowed to dry in the refngerator An enzyme concentration 
of 1 mg/ml gave a stable enzyme-latex membrane Higher concentrations of enzyme 
It should be noted here that bare platinum electrodes are not suitable for this detection They may 
display unpredictable behaviour as is discussed by Albery He states that the measured current is 
more dependent on the number of windows open in the laboratory, the traffic passing by, and the 
movements of the experimenter, than on scientifically controllable parameters 1 2 This unpredic­
table behaviour can be avoided by the use of membrane-covered electrodes 13 
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Figure 1, Scanning electron micrographs of polystyrene latex beads on a glassy carbon disk; (a) 
112 nm particles, (b) 220 nm particles. 
yielded damaged membranes which no longer adhered to the electrode surface. The 
high amount of enzyme was found to disrupt the latex structure during the drying 
process. A third procedure, viz. adsorption of glucose oxidase from solution proved 
to be the best method for loading the latex. The solution was kept at 4 0C and was 
agitated to promote penetration of the enzyme molecules into the microporous latex 
structure. The enzyme treatment was carried out for 4 hours, after which the 
membranes were dried. The resulting enzyme-latex membranes remained fully intact. 
Extreme drying over CaCh after enzyme adsorption had no significant effect on their 
stability. 
Some of the membranes were shortly treated with glutaraldehyde (GA) after 
enzyme adsorption. This bifunctional reagent causes cross-linking of the enzyme 
molecules and prevents them from leaking out of the latex membrane. The enzyme 
activity and stability of these GA-treated membranes were compared with those of 
the untreated membranes, as will be described in the following paragraph. 
8.2.3 Enzyme activity 
The enzyme-latex electrodes were tested for enzymatic activity following the 
procedure described in Chapters 4 and 6. ' In this procedure the natural 
co-substrate for glucose oxidase is replaced by the artificial electron acceptor 
benzoquinone. The latter molecule is reduced to hydroquinone, which can be detected 
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electrochemically at a rotating disk electrode The measured current is an indication 
of the enzymatic activity of the latex membrane electrode 
The vanous membranes that were mvestigated are shown in Table 1 The 
measured enzyme activity and the degree of immobilization are given in a qualitative 
way It can be concluded that treatment of the enzyme-loaded latex with 
glutaraldehyde yields active membranes with a relatively high enzyme loading 
Drying the membranes after GA-treatment had no additional effect on the degree of 
immobilization, but the activity of the enzyme was lower 
Table 1 Immobilization and activity of glucose oxidase on latex membranes composed of 112 and 
































Sue of the latex particles used in the membrane 
cGlutaraldehyde 
Membranes that were not treated with GA after enzyme adsorption were active, 
but the enzyme molecules leaked out of the membrane during the activity assay. 
Untreated membranes that were nnsed directly after enzyme adsorption and then 
dried, displayed very low activities These activities further decreased during the 
assay First drying and subsequently rinsing slightly increased the activity of the 
membranes, but their immobilizing ability remained poor The fact that drying has 
no substantial effect on the degree of enzyme loading is in contrast with the results 
found for the conducting polymer modified latex membranes (Chapter 6) These 
membranes immobilized the enzyme molecules very effectively after drying As can 
be seen in Table 1 no large difference in enzyme activity or enzyme loading is 
observed between latex beads of 112 and 220 nm size 
In Figure 2 the enzyme activity is shown of a latex membrane composed of 112 
nm beads, that was treated with glucose oxidase according to the optimized 
immobilization method, viz adsorption to a thermally treated membrane, followed 
by glutaraldehyde cross-linking and rinsing in buffer solution As can be seen the 
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Figure 2 Measurement of enzyme activity of a latex membrane by the rotating disk electrode 
technique (J)a(3) introduction of the latex electrode into the electrochemical cell (2) & (4) 
withdrawal of the latex electrode (5) introduction ofO 125 U of glucose oxidase to the cell 
current increases immediately upon introduction of the enzyme-latex membrane into 
the electrochemical cell (Figure 2, point 1). Withdrawal of the membrane causes the 
slope of the current to go back to the value before introduction. This means that the 
enzyme molecules are properly immobilized and do not leak out of the membrane. 
Improperly immobilized glucose oxidase would have stayed in solution after 
withdrawal of the membrane and would have caused a higher slope of the line after 
point 2 Membranes that were not treated with glutaraldehyde actually showed this 
behaviour Figure 2 shows that repeated introduction and withdrawal of the membrane 
does not lead to a change in the amount of active, immobilized enzyme present (points 
1-4). Calibration of the measured enzyme activity was achieved with a known 
quantity (5 μg, 0 125 U) of glucose oxidase, which was introduced at point 5 in Figure 
2 From a comparison of the slopes of the curves for immobilized and added enzyme, 
it was concluded that approximately 0.1 U of active glucose oxidase is present in the 
membrane of Figure 2 Similar values were found for the membranes composed of 
220 nm latex beads 
8.2.4 Biosensor activity 
The biosensor activity of the latex membrane electrodes was measured in a 
continuous flow system as described in Chapter 4. In separate experiments it was first 
tested whether the bare glassy carbon and platinum electrodes showed an 
electrochemical response to glucose A glucose solution of 100 mM was offered to 
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these electrodes which were poised at a potential of 0 75 V versus Ag/AgCl No 
increase in current could be detected in these cases, indicating that non-specific 
electrochemical oxidation of glucose did not occur The possibility of enzyme 
adsorption to the bare electrodes was also tested Glassy carbon and platinum 
electrodes were treated with glucose oxidase for 24 hours, dried and rinsed in exactly 
the same way as the latex modified electrodes. No biosensor activity could be 
measured for these electrodes. Finally, latex membranes cast on GC and on Pt were 
tested for glucose sensitivity, without previous enzyme pretreatment As expected, 
these electrodes did not respond to glucose. 
Hydrogen peroxide in aqueous solution can be oxidized if the anodic potential is 
sufficiently high The potential depends on the electrode used Oxidation of 
hydrogen peroxide at bare platinum or carbon can be detected at potentials ranging 
from 0 6 to 1 6 V versus Ag/AgCl. ' ' " For the biosensor activity measurements 
potentials were chosen that are in accordance with the literature values for other 
12 17 18 
biosensors based on H2O2 detection. ' ' 
The complete latex-membrane enzyme electrode system responded to glucose in 
a way as is shown in Figure 3 Shown is the current response to 5 mM glucose of a 
latex membrane sensor composed of 112 nm beads on a platinum electrode which 
was poised at a potential of 0 75 V vs Ag/AgCl All measurements were earned out 
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Figure 3 Current response of a latex membrane biosensor under continuous flow conditions 
Latex membrane composed of 112 nm beads deposited on a platinum electrode, heat treated for 1 
h and incubated with a solution (3 ml) of 5 mglml of glucose oxidase for 4 h Membrane treated 
after enzyme adsorption with 25 % glutaraldehyde for 10 mm The measuring potential is 0 75 V 
vs Ag/AgCl The measurement was performed in an air saturated phosphate buffered salme 
solution (pH 7 4) * Introduction of 5 mM glucose in the buffer stream 
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sensors based on glassy carbon also showed this electrochemical response upon the 
addition of glucose. However, for these sensors a stable response current could only 
be obtained when the electrode potential was equal or higher than 0.75 V (vs. 
Ag/AgCl). Platinized glassy carbon latex-membrane electrodes were found to 
respond to glucose at a potential as low as 0.15 V (vs. Ag/AgCl). As a low measuring 
potential is a very important condition for an amperometric biosensor, we decided to 
•4O00- ' * 
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Figure 4. Plot of the steady-state current of a latex membrane measured at various potentials (vs. 
Ag/AgCl) as a function of the glucose concentration. Latex membrane composed of 220 nm beads 
deposited on a platinum covered glassy carbon electrode, heat treated for J h. and incubated with 
a solution (3 ml) of 5 mg/ml of glucose oxidase for 4 h. Membrane treated after enzyme adsorption 
with 25 % glutaraldehyde for 10 min. The measurements were conducted in an air saturated 
phosphate buffered saline solution (pH 7.4). (a): 0.15 V; (b): 0.20 V; (c): 0.25 V; (d): 0.35 V; (e): 
0.50 V; φ: 0.75 V. 
test in further experiments only these platinum covered glassy carbon electrodes. 
The measuring potential of the electrode was varied from 0.15 to 0.75 V versus 
Ag/AgCl and the response to various glucose concentrations (0-20 mM) was 
evaluated. The results for a sensor based on 220 nm latex beads are shown in Figure 
4. It can be seen that the most linear response is obtained at a potential of 0.50 V. 
Increasing this potential further had no effect on the current response. Potentials lower 




8.2.5 Kinetic evaluation of the biosensor response 
It can be deduced from the curves m Figure 4 that the response current of the 
biosensor becomes limited at 0.50 V or higher. This limitation is probably imposed 
by the enzyme kinetics and the internal mass transport. At potentials lower than 0.25 
V the kinetics of the electrochemical oxidation of hydrogen peroxide clearly is rate 
limiting. Further analysis of the data at intermediate potentials (0.25-0 35 V) revealed 
that under these conditions glucose oxidase immobilized on latex beads obeyed 
Michaehs-Menten kinetics. This is shown in Figure 5, where the data obtained at 0.35 
21 
V vs. Ag/AgCl are fitted to the Michaehs-Menten rate equation. It should be noted 
here that the model derived in Chapter 2 (direct electron transfer) can no longer be 
applied For the present first-generation biosensor the classical two-substrate enzyme 
βοοο-μ 
7 0 0 0 
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X Vmax 
6 0 
Figure 5 Fitting of the data of Figure 4 (curve d) to Michaehs-Menten type reaction kinetics 
(solid line) 
kinetics should be used, which has been studied extensively both for glucose oxidase 
in homogeneous solution ' and for the enzyme immobilized in different 
heterogeneous systems. ' When the data in Figure 4 are plotted in linear form 
according to the Hanes-Woolf method (Figure 6) it becomes evident that at higher 
potentials the system suffers from internal transport of substrate as suggested 
above. ' ' For instance, the data at 0.35 V fit very well to a straight line (R = 
0 9997), whereas the data obtained at 0.50 V show a relatively poor fit (R = 0.9962). 
Most likely, oxygen is the rate limiting substrate in this case. This molecule has a high 
affinity for glucose oxidase and its depletion by enzymatic consumption could readily 
occur in the relatively thick (5 μηι) latex membrane. The apparent К м 
138 
Latex-membrane biosensor 
(Км (glucose) ) for glucose oxidase immobilized in our latex membrane measured at 
0.35 V vs. Ag/AgCl amounted to approximately 27 ±2 mM. This Км (glucose) value 
25 * 
is in Ime with the fact that oxygen is the rate limiting substrate. The Км (glucose) 
would have been higher than the true К м for glucose (33 mM ) if glucose transport 
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Figure 6. Hanes-Woolf plots of the current data obtained at a potential of 035 V (+) and at 050 V 
(·) vs AglAgCl 
8.2.6 Dependence of the biosensor response on pH 
The effect of the pH was investigated by measuring the current response due to 
0.5 mM glucose in vanous buffered and air saturated solutions. The pH values of 
these solutions were varied between 3 and 10. The resulting pH profile is presented 
in Figure 7. For comparison, in this figure a pH profile for the enzyme in solution is 
also shown. ' The free enzyme has an optimum activity at pH 5.5. The enzyme 
immobilized in our latex-membrane electrode has an optimum at pH 7.5. The anionic 
character of the latex beads (see Introduction) could explain this shift to higher 
pH. " The observed optimum activity at pH 7.5 is very advantageous for clinical 
applications since this pH is the physiological pH value. Figure 7 furthermore reveals 
that glucose oxidase immobilized on our latex membrane remains active over a broad 
pH range. From pH 6 to 9, more than 75 % of the activity is retained. This is in contrast 
with the enzyme in solution, which has a quite sharp pH maximum (Figure 7). 
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Figure 7. ("+) Normalized steady-state current response of a latex membrane electrode to 05 mM 
glucose, measured at different pH values m citrate/phosphate or in borate buffer. The electrode 
potential was 0 35 V vs Ag/AgCl The latex membrane contained 220 nm beads and was deposited 
on platinum-c oated glassy carbon (m) pH profile of glucose oxidase in an air-saturated 
solution 2 4 
Application of the membrane sensor under various pH conditions, therefore, is very 
well possible. 
8.2.7 Stability of the biosensor 
The stability of the sensor was tested in phosphate buffered (pH 7.4) solutions 
containing glucose concentrations varying between 5 and 20 mM. The electrode 
potential was kept at 0.5 V vs. Ag/AgCl. More than 1000 glucose activity assays were 
performed automatically over a period of approximately 3 days. Each assay took 4 
minutes. No decrease in activity was observed during this penod. After 1250 assays 
the activity rapidly decreased probably as a result of enzyme deactivation by hydrogen 
peroxide.32 This reaction product is probably retained in the microporous latex 
membrane for a short penod of time before it is oxidized at the electrode. This will 
have a deletenous effect on the enzyme activity. 
The stability of the latex-membrane biosensor was also tested under conditions 
of intermittent use. In these experiments the sensor was held stand-by in the 
continuous-flow system when not in use. The resulting stability curve is shown in 
Figure 8. Under these conditions the response current is fairly stable for a penod of 
15 days. After this penod the response rapidly decreased, probably for the same reason 
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Figure 8. Normalized steady-state current response of a latex membrane electrode under 
discontinuous use as a function of time The latex membrane contained 220 nm beads and was 
deposited on platinum-coated glassy carbon The electrode potential was 0 75 V vs Ag/AgCl 
8.3 Conclusion 
The experiments described in this chapter show that a stable first-generation 
biosensor based on glucose oxidase immobilized on latex membranes can be 
constructed The sensor activity is high over a broad pH range The optimum pH value 
of 7 5 is favourable for a number of possible applications. The present biosensor can 
compete very well with other first-generation biosensors for glucose described in the 
literature 
8.4 Experimental 
Materials and equipment 
Glucose oxidase (E.C. 1.1.3.4) type Π (25,000 U/g) from Aspergillus mger was 
obtained from Sigma Benzoquinone was obtained from Aldnch (FRG) and was 
sublimed pnor to use The latex suspensions were purchased from Perstorp Analytical 
and contained beads of 112 or 220 nm. Agarose type Ш was obtamed from Sigma. 
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Glucose was purchased from Merck. Solutions of this compound were allowed to 
mutarotate for at least 24 h. before use. All other reagents were of analytical grade. 
The electrochemical measurements were performed with a CU-04-AZ 
electrochemical control unit (Antee Leyden, The Netherlands) or an Autolab 
potentiostat controlled by an Olivetti M24 Personal Computer and General Purpose 
Electrochemical System (GPES)-software (Eco Chemie, Utrecht, The Netherlands). 
The current output was recorded on a Yew 3056 pen recorder. Electron micrographs 
were made on a CAMSCAN scanning electron microscope (Cambridge Instruments). 
Preparation of the latex electrodes 
Glassy carbon disks of 8 mm diameter (Antee Leyden, The Netherlands) were 
used as the electrode material. The electrodes were polished with Alpha Micropolish 
Alumina No. 1С (1.0 micron, Buehler LTD., U.S.A.). Platinum was applied on the 
polished surface with an Edwards sputtercoater S150B. A platinum target of 8 cm 
diameter and 0.5 mm thickness was used as the platinum source. The layer thickness 
was monitored with an Edwards FTM5 unit. Sputtering was continued until the 
thickness of the platinum layers was 300 nm. 
Agarose type Ш was dissolved (0.1 wt%) in boiling distilled water. Freshly 
made agarose solutions, which were still hot, were used to mix with the latex 
suspensions. A certain volume of a freshly prepared agarose solution was added to 
an equal volume of the latex suspension. A 75 μΐ droplet of the resulting mixture was 
applied on a polished GC disk or on a freshly sputtered platinum disk. After 
application, the electrode was put in the refrigerator overnight. The dried latex 
electrodes were either used as such or put in the oven at 60 С for one h. 
Immobilization of glucose oxidase 
All glucose oxidase solutions were prepared in phosphate buffered saline (PBS, 
pH 7.4). Enzyme adsorption was accomplished by agitating the latex coated 
electrodes in a solution (3 ml) of 5 mg/ml of glucose oxidase at a temperature of 4 
0 C for 4 h. (Gyrotory Shaker model G2, New Brunswick Scientific, USA). Adsorption 
experiments were also carried out by applying a droplet (50 μΐ) of a 5 mg/ml solution 
of glucose oxidase onto the latex membrane. Subsequently, the membrane was dried 
in the refrigerator overnight. After the adsorption procedures the enzyme membranes 
were either rinsed and dried or treated further with glutaraldehyde (GA). 
Cross-linking of the adsorbed enzyme was effected by placing the membranes in 
a solution containing 2.5 vol% of GA in PBS for 10 min. at room temperature. After 
this treatment the membranes were rinsed with PBS buffer. 
142 
Latex-membrane biosensor 
When not used directly the sensor electrodes were stored in PBS solution in the 
refrigerator. 
The enzymatic activity of the latex membranes was assayed according to the 
procedure described in Chapter 4. The complete biosensor electrode was placed in 
the electrochemical three electrode cell and the resulting current at a potential of 0.35 
V vs. Ag/AgCl was monitored. 
Amperometric biosensor activity measurements 
To perform amperometric measurements, the enzyme membrane electrode was 
placed as the working electrode in the three electrode flow cell described in Chapter 
4. Approximately 0.15 cm of the membrane surface was in contact with the 
electrolyte solution. Buffer solution was driven through the cell at a speed of 1.75 
ml/min. (Watson Marlow 101U peristaltic pump). The potential of the membrane was 
set at the required potential vs. the Ag/AgCl reference electrode. For the 
measurements the buffer solution was replaced by the glucose solutions in PBS and 
the current response was monitored. 
Automatic assay of the biosensor response was achieved by using a solenoid valve 
(LFYA 1216032H; The Lee Co., CT, USA), that was controUed by a multi-function 
timer module (Stock nr. 341-395; Mulder-Hardenberg, Haarlem, The Netherlands). 
This set-up allowed for automatic switching between the buffer solution and a solution 
that contained glucose. The timer module was programmed in such a way that the 
flow-cell measured PBS buffer solution for 180 s and then switched to glucose for 
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In this thesis the development of third-generation amperometnc glucose sensors, 
based on the redox enzyme glucose oxidase and conducting polymers, is described. 
Amperometnc biosensors of the third generation are characterized by the fact 
that direct electrochemical communication occurs between the electroactive center 
of a redox enzyme and an electrode. They differ in this respect from first- and 
second-generation biosensors, which make use of natural co-substrates and artificial 
mediators, respectively, to transport electrons between the enzyme and the electrode. 
The first studies descnbed in this thesis include the modification of planar 
electrode surfaces with conducting polymers. The aim is to get insight into the factors 
determining the direct electronic interaction between an electrode and glucose 
oxidase The conducting polymers that were investigated are based on pyrrole, 
thiophene, and denvatives of these compounds It was found that modification of 
planar electrode surfaces with conducting polymers does not create the proper 
conditions for enzyme immobilization and direct electron transfer 
In subsequent investigations microporous conducting polymer matnces are used 
to immobilize the enzyme Two biosensor systems are developed based on these 
matnces In the first system a track-etch filtration membrane is utilized as a template 
for pyrrole polymerization. Highly conductmg hollow polypyrrole microtubules are 
formed in which glucose oxidase is adsorbed irreversibly Evidence is presented that 
in the sensor constructed from these tubules glucose oxidase is m direct electronic 
contact with the electrode. The active parts of this biosensor, viz the microtubules 
and the glucose oxidase molecules, are imaged on a nanometer scale by means of 
scanning tunneling microscopy Based on the results from this study a model for the 
electronic interaction between the glucose oxidase molecules and the polypyrrole 
microtubules is proposed. 
The second biosensor is based on a membrane of uniform latex particles. 
Polypyrrole is electrochemically synthesized within the intersphencal pores of this 
latex membrane. Also this latex-polypyrrole composite membrane adsorbs glucose 
oxidase irreversibly and communicates with this enzyme in a direct manner. 
Glucose concentrations in the range from 1-40 mM can be measured 
amperometncally under steady-state conditions with these biosensors. By applying 
flow injection conditions this range can be extended to 250 mM. The sensors operate 
at a low measuring potential (typically 0 350 V versus Ag/AgCl reference) resulting 
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in a highly selective response to glucose. The response is independent of the oxygen 
concentration and the biosensors display a considerable lifetime, even under 
continuous use. 
The mechanism of the enzymatically catalyzed oxidation of glucose will be 
different if oxygen as the electron acceptor is replaced by a conducting polymer. A 
kinetic study of the performance of the two biosensors is presented which confirms 
this hypothesis. Different kinetic parameters are found for the immobilized glucose 
oxidase as compared to the enzyme in solution. Mediation by the conducting polymer 
is found to be very effective and no significant electron transfer to oxygen is observed. 
In addition to substrate transport limitation, which is to be expected for these 
microporous systems, the enzymatic reaction in the biosensors is limited by the 
applied potential. 
In the last part of the thesis a first-generation biosensor based on latex membranes 
is described. This sensor measures glucose by detecting the hydrogen peroxide 
produced by the enzyme. Although somewhat outside the scope of this thesis, this 
sensor has been included as it competes very well with other first-generation glucose 
sensors described in the literature. 
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Chemische sensoren zijn geminiatunseerde meetinstrumenten die een chemische 
stof selectief kunnen detecteren Indien het deel van de sensor dat verantwoordelijk 
is voor de selectiviteit bestaat uit moleculen van biologische oorsprong, wordt 
gesproken van een biosensor Het biologische molecuul kan bijvoorbeeld een enzym 
zijn, een antilichaam of een DNA-molecuul 
Dit proefschrift heeft tot onderwerp de ontwikkeling van zogenaamde 
derde-generatie glucosesensoren, gebaseerd op het redoxenzym glucose oxidase en 
op elektnsch geleidende polymeren Redoxenzymen katalyseren de oxydatie of 
reductie van specifieke substraten De elektronen die hierbij zijn betrokken, worden 
in de derde-generatie biosensoren rechtstreeks aan de elektrode doorgegeven Dit 
resulteert in een stroom die afhankelijk is van de aangeboden substraatconcentratie. 
Door bovengenoemde directe elektronoverdracht onderscheiden derde-generatie 
biosensoren zich van eerdere generaties biosensoren, die ofwel werken op basis van 
de detectie van enzymatisch gegenereerde produkten, ofwel op basis van mobiele 
redox-koppels die het transport van lading verzorgen 
Het onderzoek beschreven in het eerste deel van dit proefschrift, behelst de 
modificatie van vlakke elektrode-oppervlakken met geleidende polymeren. Doel is 
te onderzoeken wat de juiste condities zijn voor directe elektronische communicatie 
tussen het redoxenzym glucose oxidase en een elektrode De onderzochte polymeren 
zijn opgebouwd uit pyrrool- of thiofeeneenheden, danwei derivaten van deze 
verbindingen In de loop van het onderzoek is gebleken dat de modificatie van vlakke 
elektroden met geleidende polymeren met leidt tot enzymimmobihsatie en directe 
electronoverdracht 
Microporeuze matrices bestaande uit geleidend polymeer zijn vervolgens 
ontwikkeld om het gestelde doel te bereiken. Twee biosensoren worden beschreven 
die op basis van deze matnces zijn geconstrueerd In beide sensoren bestaat de 
geleider uit polypyrrool en wordt glucose oxidase toegepast als het redoxenzym In 
het eerste systeem is een zogenaamd track-etch fîltratiemembraan gebruikt als een 
matnjs voor de polymerisatie van het pyrrool Holle, microscopisch kleine buisjes 
van polypyrrool worden op deze wijze gevormd De buisjes hebben een hoog 
elektnsch geleidend vermogen en blijken in staat te zijn om glucose oxidase 
irreversibel te binden en met dit enzym te commumceren De twee belangnjke 
componenten van deze biosensor, te weten de holle polypyrrool buisjes en het 
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redoxenzym, zijn bestudeerd op een schaal in de orde van nanometers met behulp 
van scanning tunneling microscopie Op grond van de resultaten van deze 
microscopische studie wordt een model voorgesteld, welke de waargenomen 
elektronische interactie tussen glucose oxidase moleculen en het polypyrrool kan 
verklaren 
De tweede biosensor is gebaseerd op een membraan van uniforme latexdeeltjes. 
Polypyrrool wordt elektrochemisch aangebracht in de ruimte die aanwezig is tussen 
de bolvormige latexdeeltjes Het gemodificeerde latexmembraan kan irreversibel 
glucose oxidase binden en evenals het gemodificeerde "track-etch" membraan op 
directe wijze elektronisch communiceren met dit enzym 
De ontwikkelde biosensoren kunnen onder zogenaamde steady-state conditions 
glucose meten in een bereik van 1 tot 40 mM. Wanneer "flow injection conditions" 
worden toegepast kan dit bereik worden vergroot tot 250 mM. De sensoren werken 
bij een relatief lage meetpotentiaal (typisch 350 mV t o ν een zilver-zilverchlonde 
referentie-elektrode) en vertonen een zeer selectieve respons op glucose Deze 
respons is onafhankelijk van de zuurstofconcentratie De sensoren hebben een lange 
levensduur, zelfs onder condities waarbij ze continu m gebruik zijn Het kinetisch 
gedrag van de twee biosensoren is uitvoerig onderzocht De enzymatisch 
gekatalyseerde oxydatie van glucose in de sensor verloopt volgens een afwijkend 
reactiemechanisme aangezien de rol van de zuurstof als elektronacceptor wordt 
overgenomen door het geleidend polymeer Er worden dan ook kinetische parameters 
gevonden voor het gemunobiliseerde enzym die anders zijn dan voor het enzym in 
oplossing. Uit de studie blijkt dat de elektronmediatie door het geleidend polymeer 
zeer effectief is en dat de enzymatische reactie gestuurd kan worden door de 
aangelegde potentiaal. 
Het laatste hoofdstuk van dit proefschrift beschrijft een eerste-generatie biosensor 
die is ontwikkeld op basis van de bovengenoemde latexmembranen. Deze sensor meet 
glucose door middel van enzymatisch geproduceerd waterstofperoxyde Deze 
eerste-generatie biosensor valt enigszins buiten de scope van dit proefschrift maar is 
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